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XIV 
NOMENCLATURE AND DEFINITION OF TERMS 
In the absence of a universal ly accepted system of notation for 
therniodyaamic quanti t ies^ individual authors have the respons ib i l i ty of 
making a choice whenever the exist ing systems are in conf l ic t . The 
i n i t i a t e in the field usually follows the notation of a text from which 
he has studied or uses standards set up by some professional society. 
With several exceptions, t h i s paper w i l l follow the notations used by I, 
Prigogine and R, Defay in t h e i r book. Chemical Thermodynamics, t r a n s -




In the study of ternary liquid equililDrium, several terms need to 
be clearly defined. The following is a list of such terms with their 
meaning as determined by this authoro This list is by no means complete, 
and for an extended discussion the reader should refer to standard texts 
such as Treybal (8). 
immiscibility: A term used to describe the phenomenon of two phases 
occurring when different liquids are mixed together. 
An immiscible solution is also known as a heterogeneous 
solution. 
Certain two phase liquid systems exhibit a phenomenon 
of increasing mutual solubility as the temperature 
is raised or lowered under isobaric conditions, until 
the second phase disappears. This phenomenon, occur-
ring below the boiling point and above the freezing 
point of the system, is also known as the consolute 
temperature. 
An equilateral triangle is used for representing 
compositions of ternary systems, since it can be 
shown that the sum of the perpendiculars from any 
point within the triangle to the three sides equals 
the altitude. The vertices, of course, represent 
the pure constituents of the ternary mixture. 
ternary solubility 
cui^e: This is a graphical depiction of the boimdary of a 
region of heterogeneity of a ternary mixture consid-
ering all the possible combinations of compositions. 
triangular 
coordinates: 
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t i e l ine or 
conjugate l ine 
p l a i t point : 
Gibbs free energy 
surface: 
with each point on this curve representing the 
composition of one of the phases. This curve is 
also known as the coexistence curve or the binodal 
curve. 
This is a graphical depiction of the equilibrium 
composition of two liquid phases in mutual contact. 
When given a mixture whose total composition is 
within the solubility curve (see above), then there 
exists a unique conjugate line such that the com-
position of each phase is determinable from both 
intersections of the conjugate line and the ternary 
solubility curve. 
Inasmuch as tie lines depict two equilibrium liquid 
phases, it often occurs that as the concentration of 
one component increases the tie lines "shrink." That 
is to say, the composition difference between the two 
phases gets smaller until a point is reached where 
the compositions of the two phases become identical. 
Such a point is known as the plait point. 
This is a three-dimensional representation of the Gibbs 
molal free energy as a function of the independent mole 
fraction compositions for a ternary system. Since the 
sums of the molal compositions must equal one, specify-
ing any two will always determine the third. Immiscible 
systems are said to be unstable and are represented by 
a surface which is convex-concave. 
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spinodal curve 
d i s t r ibu t ion 
c urve: 
This is the boimdary which separates that part of 
the Gibbs free energy surface which is convex from 
that which is concave„ The spinodal curve is gener-
a l l y within the so lub i l i t y curve^ and i t is tangent 
to the so lub i l i t y curve a t the p l a i t point . 
This is a graphical representation devised for the 
purpose of corre la t ing ternary data . I t consists 
of p lo t t ing the r a t i o of the concentration of compo-
nent (A) to the concentration of component (B) in 
the B-rich phase against the ra t io of the concentra-
t ion of component (A) in the concentration of 
component (C) in the C-rich phase as determined from 
t i e - l i n e data . If the d i s t r ibu t ion curve is a s t ra igh t 
l i n e , the data are reported in terms of the d i s t r i b u -
t ion coefficients which represent that slope of the 
d i s t r i bu t ion curve. This only occurs a t low concen-
t ra t ions of component (A). 
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LIST OF SYMBOLS 
a. activity of component i 
B, B ( T ) second virial coefficient in liters/gram-mole 
c number of components 
d symbol for differentiation 
e base of natural logarithms 
G Gibbs free energy 
G^ Gibbs free energy of mixing 
g^ Gibbs molal free energy of mixing 
•p 
g excess Gibbs free energy 
g ' Gibbs free energy of mixing of an ideal solution 
H ethalpy or heat content function 
h enthalpy per mole 
hj_ partial molar enthalpy of component i 
h excess enthsilpy or heat of mixing 
1 as a subscript refers to a generalized component 
j as a subscript refers to a second generalized component 
In natural loggirithm 
log logarithm to the base 10 
M. molecular weight of component i 
n total number of moles 
n̂ ^ number of moles of component i 
n^ number of moles in phase a 
n^ number of moles of component i in phase a 
XIX 
P total pressure of a system 
p. partial pressure of component i 
p.° vapor pressure of pure component i 
R gas constant 
R^2 equivalent to 2B^2(t) - B^^(t) - \^{t) 
s entropy 
T absolute temperature in degrees Kelvin 
T critical temperature in degrees Kelvin 
t temperature In degrees centigrade 
V volume 
V molar volume 
V. partial molsir volume of component i 
v.° molar volume of pure component i 
X. mole fraction of component i 
2 volume fraction 
GREEK ALPHABET 
y . activity coefficient of component i 
^ symbol for partial differentiation 
(J,. chemical potential of component i 
(J., (ideal) ideal chemical potential of component i 
11.° chemical potential of component i in the pure state 
|j,.̂  chemical potential of component i in phase a 
\i J^ chemical potential of mixing 
Z symbol for summation 
p. density of pure component i in grams per liter 
(number) denotes a reference to the bibliography. Denotes an equation 
number of the word equation precedes this symbol. 
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SUMMARY 
This research was undertaken to ascertain the applicability of 
a general equation, which was proposed, by Kurt Wohl, to the prediction 
of liquid-liquid phase equilibria of ternary systems from a knowledge of 
the equilibrium properties of the component binary systems» A second 
purpose was to formulate a systematic treatment of binary isothermal 
vapor-liquid equilibrium data. The objectives of this treatment were 
to be able to represent the experimental data with a high degree of 
accuracy and to determine whether the data are thermodynamically consis-
tent. 
This study of these objectives has been developed with the aim 
of presenting some of the essential steps in some future integrated 
process for the treatm.ent of binary equilibrium data with the extension 
to the prediction of the properties of multi-component systems <. The 
selection of the mathematical model for the activity coefficients is all 
that is required. More important, though, the concept of numerical 
experimentation is presented. A mathematical model of a high degree of 
complexity can be postulated and then numerically tested to find its 
favorable points and its shortcomings. 
The model used in this study was a general equation proposed by 
Wohl which was basically a truncated power series expansion of the Gibbs 
excess free energy function in terms of liquid compositions and undeter-
mined parameters. Rearrangement of terms as shown by Wohl (3) and partial 
X X I 
di f fe ren t ia t ion with respect to the mole numbers yielded a set of equa-
t ions for the logarithms of the a c t i v i t y coefficients as functions of the 
l iquid compositions and parameters- These equations were wri t ten in such 
a manner that t rans i t ions between different equational forms were eas i ly 
made. Specifical ly the equational forms proposed by J . J., van Laar_, M. 
Margules, and Go Scatchard and W. Hamer were studied in th i s worko The 
t r ans i t i on of these equations between binary and ternary systems was 
eas i ly accomplished., 
A l i t e r a t u r e survey was made to col lect the data for ternary sys-
tems and t h e i r component binary systems. Specif ical ly the data which was 
desired were: 
1. Isothermal vapor-liquid equilibrium, data for a p a r t i a l l y mis-
cible ternary system, 
2o Isothermal l iquid- l iquid equilibrium data for the same ternary 
system. 
3 . Isothennal vapor-liquid equilibrium data for a l l of the component 
binary systems. 
Since the desired data , which would permit a more systematic study of the 
l iquid systems were not avai lable for any ternary system, the data were 
collected solely on the basis of a v a i l a b i l i t y . In addi t ion, l iqu id -
liquid equilibrium data were experimentally determined for two ternary 
hydrocarbon systems. They are the nitroethane-°n-octane--isooctane and 
ni t roethane--n-octane--octene-l systems. 
The binary data were c lass i f ied accoirding to the following group-
i n g s : 
1. Ideal binary systems 
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2- P a r t i a l l y misc ib l e b i n a r y systems., 
3 . Non-ideal mi sc ib l e b i n a r y systems^ 
The b i n a r y da ta were used to compute t h e parameters of t he b i n a r y forms 
of t he van Laar , MEirgules^ and Scatchard-Hamer equa t i ons . For t he da t a 
of group 1 above^ t h e parameters were s e t equal to ze ro . The parameters 
of t he p a r t i a l l y misc ib le b i n a r y systems were computed from mutual s o l u -
b i l i t y da ta s ince Arapor-liquid equ i l i b r i um da ta in t he homogeneous reg ions 
were not ava i lab le , , From v a p o r - l i q u i d equ i l i b r ium da ta for group 3^ t h e 
parameters of t h e A^'arious equat ions were determined by t h e method of 
l e a s t squares from a f i t of t he da t a in the form of a c t i v i t y c o e f f i c i e n t s 
as funct ions of l i q u i d composi t ions . These parameters were then used in 
t h e t e r n a r y forms of t h e b i n a r y equat ions t o p r e d i c t t h e l i q u i d - l i q u i d 
e q u i l i b r i a of t h e t e r n a r y systems whose da ta were a v a i l a b l e in t he l i t e r -
a t u r e a The cons tan t s which only r e f e r r e d t o t h e t e r n a r y system were s e t 
equal to ze ro . 
The p r e d i c t i o n scheme was b a s i c a l l y a method of t r i a l - a n d - e r r o r 
sea rch using a d i g i t a l computer for a l l t h e computations<> The fac t t h a t 
a t a p re sc r ibed s tandard s t a t e of t h e tempera ture and p r e s s u r e of t he 
system, t h e a c t i v i t i e s of each component in each phase a r e equa l , when 
t h e system i s a t ec[uil ibrium, formed t h e b a s i s for the method. Using 
t h e d i f f e r e n t equa t i ona l forms for t he a c t i v i t y c o e f f i c i e n t s , one a t a 
t i m e , t he a c t i v i t i e s of each component were computed fo r many composi-
t i o n s in t he v i c i n i t y of t h e guessed phase composi t ions . A t a b l e of 
t h e s e a c t i v i t i e s was b u i l t up. This guess was i n i t i a l l y based upon the 
b i n a r y mutual s o l u b i l i t y d a t a . The a c t i v i t i e s of each component fo r com-
p o s i t i o n s in t he neighborhood of t h e o t h e r phase composit ions were then 
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computed and a comparison was made with the values in the table., To 
automate th i s scheme_, a quanti ty called D̂  which was the sum of the 
squares of the differences of the a c t i v i t i e s of each component in each 
phase^ was computed. If th i s computed quantity^ D_, was less than some 
prescribed value^ a possible answer was founds The f ina l answer was the 
predicted conjugate phase compositions for which the D was the smallest . 
This scheme was then repeated to find other conjugate phase compositions 
or t i e - l i n e compos itions» 
The computed values of these t i e - l i n e or conjugate phase composi-
t ions were then compared with the experimental data of the ternary systems. 
The locus of the compositions of the s o lub i l i t y curve as determined from 
the computed t i e - l i n e values was compared with the experimentally de te r -
mined compositions. The slopes of the computed t i e - l i n e s were compared 
with the experimentally determined t i e - l i n e s to determine the adequacy 
of predicting d i s t r ibu t ion curves for the ternary systems. 
This procedure was carried out for the following ternary systems: 
1. Furfural--n-heptane--eyelohexane 
2. Aniline--n-heptane--eyelohexane 





8. Decyl alcohol--nitromethane--ethylene glycol 
A second important phase of t h i s research was the method developed 
for the treatment of binary isothermal vapor-liquid equilibrium data . The 
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experimental values of the t o t a l pressure and vapor compositions as func-
t ions of the l iquid compositions, which were taken from the l i t e r a t u r e , 
were f i t t ed in a leas t squares sense by orthogonal polynomials, applying 
the method developed by G. Forsythe, to any desired degree„ The main 
deviation from presently used techniques is tha t the experimental quant i -
t i e s of t o t a l pressure and vapor composition are f i t t ed by orthogonal 
polynomials instead of the usually computed a c t i v i t y coefficients or excess 
chemical potent ia ls which are indetenninate a t the end-points. At the 
end-points the totstl pressures and vapor compositions are known to a high 
degree of accuracy and thus interpolated values of these quant i t ies can 
be used to compute f a i r l y accurate values of the excess chemical poten-
t i a l s in the d i lu t e composition regions. Furthermore, the method of 
Forsythe was extended to the computation of the der ivat ives of each of 
the f i t t i n g functions. 
Since leas t squares theory cannot specify the degree of the best 
f i t t i n g polynomial, some addi t ional condition must be foimd if one is to 
adequately represent experimental data by f i t t i n g functions. In the 
treatment of isotheniial vapor-liquid equilibrium data , t h i s addi t ional 
condition was developed in the following manner. Assuming that the con-
t r ibu t ion of the volume change on mixing was negl ig ib le , the Gibbs-Duhem 
equation for the excess chemical potent ia ls was rewrit ten in terms of 
t o t a l pressures, vapor and l iquid compositions, second v i r i a l coeff i -
c i en t s , and molal volumes and vapor pressures of each pure component. 
The use of t h i s fo:rm of the Gibbs-Duhem equation provided the addi t ional 
c r i t e r ion needed to ascer ta in the best degree of f i t t i n g polynomial. The 
procedure was to compute a value, which was the sum of squares of the 
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deviations of the Gibbs-Duhem equation from zero^ for every combination 
of f i t t i n g polynomials for the t o t a l pressures and vapor compositions. 
Those polynomials "which exhibited the smallest computed value were said 
to represent the experimental data in the best possible manner with 
respect to thermodynamic consistency^ 
The followir.g conclusions were drawn from th i s invest igat ion: 
lo For terr.ary systems containing two p a r t i a l l y miscible binary 
pairs and an ideal binary pair^ the l iquid- l iquid phase equi l ibr ia was 
s a t i s f a c t o r i l y predicted using the Margules models the predictions being 
only s l i gh t ly be t t e r than the van Laar model. The predicted d i s t r ibu t ion 
was very nearly the same as the experimentally determined d i s t r i bu t i on , 
and the predicted binodal curve followed the experimental binodal curve 
very closely. This conclusion was based on the resu l t s of the following 
systems: 
Furfural--n-heptane--c yclo hexane 
Aniline--n-heptane—eye lohexane 
Nitroethane--n-octane—isooctane 
2. For ternary systems containing three immiscible binary p a i r s , 
i t was possible for the Margules and van Laar equations to predict 
three separate binodal curves. This observation was based upon studies 
of the one system, decyl alcohol—nitromethane--ethylene glycol . The 
resu l t s of t h i s system were quant i t a t ive ly poor but nevertheless ind i -
cated the presence of three binodal curves. 
3 . For te rnary systems containing^one immiscible binary system 
and two non-ideal miscible binary systems, the phase composition 
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predictions were good for the distri"bution curves where the composition 
of the th i rd miscible component was smallo The predicted t i e - l i n e s in 
the concentrated regions of the te inary system were not sa t i s fac tory , in 
that_, in a l l cases the predicted system was less ideal than the ac tual 
system. These conclusions were based on the resu l t s for the following 
four systems: 
Benz ene--wat er--pyrid ine 
Benzene-—^water--ethanol 
Chloroform-"^ater--acetone 
Nit romethane--n-heptane--benz ene 
ko The use of orthogonal polynomials provided a means of f i t t i n g 
experimental data to any desired degree up to the number of data points 
less two. The toteil pressures and the vapor compositions were f i t t ed 
just as one would f a i r a cui^e through the data points on a graph. This 
is contrasted to the fact that the use of ordinary polynomials does not 
give good' f i t s to A^apor-liquid equilibrium data. 
5. On the basis of the resu l t s of five isothermal binary systems_, 
the t e s t of thermodynamic consistency presented in t h i s thes i s provides 
a very accurate t e s t for the evaluation of isothermal binary vapor-liquid 
equilibrium data . I t s use is recommended over the in tegra l t e s t s when 
very accurate resu l t s are desired. 
6. On the basis of the resu l t s of evaluating the parameters to 
the standaixi binary equations, discussed in th i s t h e s i s , for nine non-
ideal miscible sys-:ems, i t was observed tha t the Margules three constant 
equation gave the best f i t of the a c t i v i t y coefficient data in the leas t 
squares sense. 
CHAPTER I 
INTRODUCTION TO PROBLEM 
The problem in a general sense.°-In the highly competitive chemical 
industry, the success or failure of a new operation is frequently depen-
dent upon the accuracy of equilibrium data. Whether or not to gamble an 
industry's assets on a new operation may be a function of the available 
data or the ease with which it may be obtained. In the case of liquid-
liquid extraction processes, the data are frequently either not available 
or are difficult to obtain. Thus the question naturally arises: can 
existing data be used to extend or predict the state of liquid mixtures 
at equilibrium? If some reliable method could be found to extend or 
predict the equilibrium state of liquid mixtures, it is felt that among 
the virfually infinite combinations of chemical compounds, many important 
extractive processes are waiting to be discovered. Specifically, there 
is a need to be able to predict, quantitatively, the state of ternary 
liquid mixtures under conditions of phase equilibrium. 
If one can successfully predict a state function such as Gibbs free 
energy of mixing, then one can ascertain the state of liquid mixtures in 
equilibrium. The Gibbs free energy of mixing can be represented as a 
function of the three state variables -- temperature, pressure, and the 
concentration of the com.ponents of the system. (Usually one does not take 
into account other state variables such as electrical,magnetic, capillary, 
or gravitational forces.) Classical thermodyaamics will not tell us how 
to accomplish this, but it will give us the necessary relationships 
between the state variables of volume^ pressure^ temperature and concen-
tration. 
J. Willard Gibbŝ , in his celebrated memoir, **0n the Equilibrium 
of Heterogeneous Substances/' stated the conditions of thermodynamic 
equilibrium in a form which has not been surpassed in its generality. 
The work of Gibbs was essentially theoretical and its full importance was 
appreciated only after its wide applicability had been demonstrated by 
extensive experimental researches. Among those was the work of Bakhuis 
Roozeboom on the applications of the Phase Rule. Also Planck, van Laar, 
Duhem and van der Waals demonstrated the importance of the concept of 
Gibbs' work. 
Further progress was made with the introduction of the concept of 
fiogacity and activity by G. N. Lewis, enabling the thermodynamic descrip-
tion of imperfect gases and of real solutions to be expressed with the 
same formal simplicity as perfect gases and ideal solutions. Further-
more, Scatchaird's introduction of the term, excess function (l), enables 
one to discuss specifically the effects caused by deviations from the 
perfect gases and ideal solutions in a simple manner. 
Thus while classical thermodynamics can only guide us, the answer 
to the question of obtaining numerical values for the state function 
will have to come from a study of the intermolecular forces which, for 
the liquid state, is still in the embryonic stage. Therefore, since we 
cannot expect anything but the crudest values even for simple systems, 
we must make the fullest possible use of all the relationships given to us 
by classical thermodynamics. 
PuriDOse of th i s inves t iga t iono-- I t is the purpose of t h i s research to 
invest igate the app l i cab i l i t y of several mathematical models for the Gibbs 
free energy function to the prediction of the equilibrium s t a t e of t e r -
nary l iquid mixtures. Since the systems which wi l l be discussed are a t 
r e l a t i ve ly low temperatures when compared to the normal boi l ing points 
of the pure components,, and ternary vapor-liquid equilibrium data are 
not generally available^ ternary vapor-liquid equilibrium wi l l not be 
studiedo However^ the app l i cab i l i ty of the binary vapor-liquid e q u i l i -
brium data to the ternary systems wi l l be considered. 
Many people have trned to explain the propert ies of binary systems 
from the propert ies of the pure components. This is equivalent to pre-
d ic t ing (l"2) in teract ions (i .e.^, in teract ions between components 1 and 2) 
from the interact ions of pure components ( l - l ) and (2-2) . This^ however^ 
has been shown not to be possible (2) . Therefore^ a t the present time, the 
only cer ta in method of obtaining the binary propert ies is to experimentally 
determine them. 
I t is conceivable that a binary interact ion is not s ign i f ican t ly 
affected by the presence of the other binary pairs which form a ternary 
system. In other words, the ternary proper t ies , in terms of in te rac t ions , 
may be nearly equal to the sums of the in teract ions of the three binary 
pai rs when considered separate ly . This i s because the energy of an array 
of, say, three molecules (l"2-5);i is nearly equal to the sum of the 
energies of the three in teract ing pairs (1-2) , (2-5)^ and (1=5) when 
considered separately (2) . Therefore, i t may be possible to predict 
the propert ies of a multi-component mixture from a knowledge of the prop-
e r t i e s of a l l the binary mixtures. 
The main purpose of this investigation is to determine if it is 
possible to predict the state of a ternary mixtur-e in equilibrium by 
the use of binary equilibrium datao The model for the excess free 
energy which will be studied is one proposed by Wohl (5)^ who has 
effectively demonstrated the interrelationships between equations pro-
posed by van Laar (4)^ Margules (5) and Scatchard-Hamer (6)0 Equili-
brium data for binary systems^ from the published literature^ will be • 
correlated to a binary form of the excess free energy model. The cor-
relation constants for three constituent binary pairs will be used in 
the ternary excess free energy equations^ which is simply an extension of 
the binary case_, to predict the binodal curve and the tie-lines in a 
ternary liquid mixture. These predicted results will then be compared 
with ternary liquid-liquid solubility data for agreement in compositions 
at the liquid-liquid interface and in the slopes of the tie-lines. 
Historical backgroimd.--Perhaps the first serious attempt to predict 
ternary data was the work of Hildebrand (7) which has been discussed in 
detail by Treybal (8). If one denotes the activity coefficients of com-
ponent one in solvê nts two and three as 7 and 7-,̂ ^ respectively^ and 
X and x as the mole fractions of component one in the liquid phases,, 
composed mainly of components two and three^ respectively^ then the 
method used by Hildebrand was to plot 7., x against x-,p and 7 x., 
against x on the same graph. From the same ordinate^ values of x 
and X as abscissas are read from the two curves. This method is at 
best only an approximation if the mutual solubility of components one 
and two becomes appreciable. Furthermore, only the distribution coeffi-
cients are evaluated by this method. Treybal (8) extended Hildebrand's 
concept to the case where t h e s o l u b i l i t y curve of t h e t e r n a r y system^ "but 
wi thout t i e - l i n e s ^ i s ava i l ab le» This method, i s d i scussed elsewhere by 
Treybal (9)° He has shown how a s e t of two parameter equat ions^ whose 
development i s a t t r i b u t e d to van Laar and hencefor th w i l l be known as t h e 
van Laar equations_, can be used t o p r e d i c t the d i s t r i b u t i o n of a s o l u t e 
between two immiscible s o l v e n t s . In e f f e c t , t he complete t e r n a r y e q u i l -
ibr ium s t a t e ( inc lud ing t i e - l i n e s ) can be **predicted'* i f t h e t e r n a r y 
s o l u b i l i t y curve_, wi thout t i e - l ines_ j i s a v a i l a b l e . This method g ives 
a f a i r l y a c c u r a t e d e s c r i p t i o n of t h e reg ion d i l u t e in t h e solute^, but 
u s u a l l y f a i l s as t h e concen t r a t i on of t he s o l u t e i n c r e a s e s . 
Othmer and Tobias (lO) d e s c r i b e a method of p r e d i c t i n g t h e d i s t r i -
b u t i o n of a s o l u t e between two immiscible so lven t s based on p a r t i a l p r e s -
su re d a t a for t h e two b i n a r y s o l u t i o n s formed wi th the s o l u t e and the two 
s o l v e n t s . Kenny ( l l ) s tud ied the p r e d i c t i o n of the system, f u r f u r a l -
i sooctane-benzene using the two parameter van Laar equat ions^ t h e miethods 
of Hildebrand (7) and of Scheibe l and Fr i ed land ( 1 2 ) . No t e r n a r y da ta a r e 
given^ and t h e method i s d i scussed in g e n e r a l i t i e s so t h a t a p roper e v a l -
ua t i on of t h e method used cannot be made. The use of C o l b u m ' s e x t r a p o l a -
t i o n method for b ina ry systems (15)^ which permi ts t h e computation of t h e 
a c t i v i t y c o e f f i c i e n t s from t h e t o t a l p r e s s u r e , i s extended t o t e r n a r y 
systems by Buchholz-Meissenheimer ( l 4 ) . 
A method of p r e d i c t i n g d i s t r i b u t i o n c o e f f i c i e n t s fo r t e r n a r y systems 
wi th two immiscible b i n a r y p a i r s has been proposed by Vriens and Medcalf 
( 1 5 ) , Pennington and Marwil ( I6 ) and Bethea (17) . A method for t h e compu-
t a t i o n of t h e sp incda l curve for a t e r n a r y l i q u i d mixture has been d i s -
cussed by Meijer ing ( I 8 ) , ( 19 ) , and Pr igogine (20) . 
P r e d i c t i o n methods of t e r n a r y v a p o r - l i q u i d e q u i l i b r i a da ta have 
been proposed by numerous a u t h o r s . Among these a r e Scheibel and Fr i ed land 
( 1 2 ) , Carlson a n d C o l b u r n ( I 3 ) , Colburn and Schoenborn (21), White ( 2 2 ) , 
Benedic t , _et ^ . (23 ) , Herr ington (24 ) , Black ( 2 5 ) , Hi ra ta ( 2 6 ) , Severns , 
et. a l j (27)^ and Li and Coull (28) . A l l of t h e above methods a r e e s s e n -
t i a l l y empi r i ca l mathematical t r e a tmen t s of t he problem df evaluatingriternary 
Vapor- l iqu id equ i l i b r ium da ta from the c o n s t i t u e n t b i n a r y d a t a . The 
a p p l i c a b i l i t y of t h e s e equat ions to l i q u i d - l i q u i d systems has not been 
f u l l y i n v e s t i g a t e d , due to t h e complexity of t h e numerical computations 
involved. Wohl ( 5 ) , (29)^ has p resen ted t he s e equa t ions in a gene ra l 
manner which w i l l form the b a s i s for t he p r e sen t i n v e s t i g a t i o n . 
This work i s p resen ted in two p a r t s . Pa r t one i s concerned wi th 
t h e p r e d i c t i o n of t e r n a r y l i q u i d equ i l i b r ium from b i n a r y e q u i l i b r i u m d a t a . 
Chapter I I p r e s e n t s some bas i c thennodynamic r e l a t i o n s us ing chemical 
p o t e n t i a l s wi th a t r a n s i t i o n to b ina ry and t e r n a r y equa t ions in terms of 
a c t i v i t y c o e f f i c i e n t s . Chapter I I I develops t h e procedure for us ing t h e 
p r e v i o u s l y d i scussed equat ions in t h e p r e d i c t i o n of t e r n a r y e q u i l i b r i u m 
d a t a . In Chapter IV t h e computed r e s u l t s a r e compared wi th da t a in t h e 
l i t e r a t u r e and measurements made in t h i s work. 
Pa r t two i s concerned wi th the ques t ion of thermodynamic con-
s i s t e n c y of b ina ry e q u i l i b r i u m d a t a . In Chapter V, t h e r e l a t i o n s a r e 
developed for t h e t r ea tment of t h e b i n a r y d a t a . In Chapter VI, t h e p r o -
cedure and i t s r a m i f i c a t i o n s a r e d i scussed wi th regard t o thermodynamic 
c o n s i s t e n c y . 
The conclus ions of t h i s e n t i r e work and recommendations for f u r t h e r 
s t u d i e s a r e found in Chapter VI I . The Appendices a r e r e f e r r e d t o from 
both p a r t s of t h i s t h e s i s . 
PART I. THE PREDICTION OF TERNARY LIQUIP-LIQUID EQUILIBRIUM 
CHAPTER II 
DEVELOPMENT OF THERMODYNAMIC RELATIONS 
Scope of this chapter.—This chapter contains a review and a development 
of many of the relations used in this research. Although many of the 
thermodynamic relations are certainly not new, they are nevertheless 
presented here for two reasons. First, the relations which are used 
are collected in one place, and secondly, the relations are given in the 
notation used in this thesis. These thermodynamic relations can "be found 
in many textbooks dealing with classical thermodynamics. A few of the 
references cited are: 
A. Prigogine and Defay, R., Chemical Thermodynamics, 
(translated by Everett, D. H.)^ Volume 1, London: 
Longmans, Green, and Company, Inc., 195^* 
B. Dodge, B. F., Chemical Engineering Thermodynamics, 
New York: McGraw-Hill Book Company, Inc., 19^4. 
C. Guggenheim, E. A., Thermodynamics, 2nd Edition, 
Amsterdam: North Holland, 1957' 
The first part of this chapter deals with some of the fundamental thermo-
dynamic relationships. This is followed by an exposition of the ternary 
equations and their transformations to the binary equations. 
Fundamental thermodynamic relations.—It is the purpose of this section 
to review some of the thermodynamic relations needed in the analysis of 
a model for the free energy of a ternary system. Some of the fimdamental 
relations are presented. 
The Gibbs free energy function;, Ĝ  is an extensive fimction whose 
value is dependent on the total quantity of matter present in the system. 
If one writes _, 
G = G(T, P, n^, n^, ..̂  n^) (l) 
giving the dependent variable G as a function of the independent varia-
bles _, T̂  P_, n _, n , ...y n , then one can say that it has been observed 
that 
W. = G(T, P, kn^, kn^. ••. kn^) (2) 
which expresses the fact that G is a homogeneous function of the first 
degree in the mole numbers. The chemical potential of component i is 
defined by 
^ i = ( s T : j ^ (5) 
\ ^ / T,P,n.(j?̂ i) 
J 
which is the partial molal quantity corresponding to the Gibbs free 
energy G. It is noted that \i.. is an intensive quantity. Thus one can 
speak of the chemical potential of a component at each point of the 
system, just as one speaks of the concentrations in mole fractions. 
Thus we have 
G = n̂i-i, + n̂ î ^ +... + n|j. = V ^ - I - L - (̂ ) 
1' 1 2 2 c^c ) î î 
i=l 
which upon differentiation gives 
c 
dG = ^ n.d^.. 4- ^ ^ . d n . 
i - 1 i = l 
(5) 
when compared wi th 
dG = - SdT + VdP + \ M..dn„ (6) 
i = l 
one ob ta ins 
SdT - VdP + ^ n.dtJ^ = 0 . (7) 
i = l 
At cons tan t temperature and pressure_, equat ion (7)^ which may be 
c a l l e d the most gene ra l form of t h e Gibbs-Duhem equation_, reduces t o 
n.dp.. = 0 . (8) 
1 '^i 
i = l 
Equation (8) i s known as t he Gibbs-Duhem equat ion and i s t h e b a s i s of 
thermodynamic cons i s t ency t e s t s . This equat ion a l s o follows from t h e 
f ac t t h a t G i s a homogeneous funct ion of degree one in t h e mole numbers. 
J . Wil lard Gibbs has shown t h a t a t cons tan t temperature and p r e s -
s u r e , a system, which may c o n s i s t of more than one phase , i s a t equ i l i b r ium 
when the change in the t o t a l f ree energy i s zero (50) . Thus i f one accep t s 
t h a t equat ion (6) can be w r i t t e n for any system, however complex, wi thout 
r igorous proof, then i t can be e a s i l y demonstrated t h a t t he chemical 
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potential of each component must be the same in every phase (5l)» For 
a closed system^ the total mass of each component remains constant. This 
fact is given by equation (9). 
dn^ = 0 (9) 
i=l 
Thus using the fact dG = 0 at equilibrium^ one obtains equation (lO) 
from equation (5)<> 
LL.dn. = 0 (10) 
• ^ 1 1 ^ 
i=l 
This equation when compared with equation (9)^ yields the necessary and 
sufficient conditions for phase equilibrium in terms of chemical poten-
tials for a closed system in equation (11). 
^i ^ '̂i ^ •*' ̂  "̂i ^̂  " ^' ^' *"' ^^ ^̂ ^̂  
For a multicomponent mixture_, the Gibbs free energy of mixing at 
constant temperatui:'e and pressure can be written as follows^ 
G"̂  = G(T, P, n^,..., n^) - V G^° (T, P, n^) . (12) 
i=l 
The superscript ° refers to the pure quantities. Since 
c 
G"=g'̂  \' n. , (15) 
i=l 
11 
in terms of molar quantities one obtains, 
c 
g^= g(T, P, x^,..., x^) - y x^g.°(T, P). (14) 
i=l 
The free energy of mixing is also related to the chemical potential by-
equation (15)» 
^ x.^.. - y x.^..° , (15) 
i=l i=l 
The chemical potential of mixing for a pure component i at constant tem-
perature and pressu27e is defined by 
•̂ i ^ ^i ~ "̂ i ^^ " ^' ^' '*'•' ^^* ^"^^^ 
An ideal solution can be defined by (20)^ 
•̂i " ^1 + RT In x^ (i = 1, 2, ..., c) (17) 
From equations (l6) and (17)^ fo^ an ideal solution;, 
l-i.̂  = RT In X. (i = 1, 2, .... c). (l8) 
Deviations from the laws of ideal solutions may be expressed 
formally by introducing the a c t i v i t y coefficients y. in the expression 
for the chemical potent ia ls of a perfect solut ion. The method o r i g i -
nated by G. N. Lewis (52) permits one to fonnally extend the propert ies 
of ideal solutions to actual solutions in a most elegant way. The chemi-
cal po ten t ia l now takes the foiTii 
12 
li ( rea l ) = ii.° (T, P) + RT In (x .7 . ) ( i = 1, 2,..., c) (I9) 
1 1 1 1 
When X. approaches unity, [j.. approaches |j,. , thus giving us the resu l t 
tha t in the l imit the a c t i v i t y coefficient 7. is unity. The change of 
the chemical potent ia l a t mixing is given by 
\i^ = \i^ - |i^° = RT In (x^7^) = RT In a^ ( i = 1, 2 , . . . , c) (20) 
where a. is defined to he the a c t i v i t y of component i in a non-ideal 
system with respect to some reference system. 
The free energy of mixing of a non-ideal system of c components 
can he then wri t ten as 
g^"^(real) = RT V x. M (x .7 . ) . (21) 
i=l 
The difference between the molal thermodynamic fuQCtion of mixing and the 
value corresponding to a perfect solution at the same temperature, pres-
sure, and composition as the system, is called the theimodynam-ic excess 
function. Thus for the Gibbs free energy function we have the following 
relationships: 
g^ = g"̂ (real) - g°̂ ( ideal) = RT \ ' x^ In 7^ (22) 
The excess functions permit a direct representation of the deviations 
from the laws of perfect solutions. The excess function notation was 
first iQtroduced by Scatchaixi (l). 
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Upon differentiating equation (22) partially with respect to the 
moles of any constituent i_, one obtains 




G^ = g^ V n, . {2k) 1 
i=l 
At c o n s t a n t t e m p e r a t u r e and p r e s s u r e ^ t h e second p a r t o f e q u a t i o n (25) i s 
another form of equation (8)^ and thus equation (25) reduces to the follow-
ing fonii 
ImA ' E 
k ^ = RT m 7i = ^̂ i (i = 1,2,.. . , c) (25) 
\ ^/T,P,n (j^i) 
J 
It should be noted that equations (k) and (7) must be identically 
satisfied by the experimental data and any functional form that may be 
used to represent the experimental data. Furthermore all the equations in 
the preceding section follow as a consequence of equations {k) and (7)-
Of pertinent value to this research is the fact that when one specifies 
an extensive function, such as the excess free energy, in terms of the 
compositions of the components of a system in mole fractions, using any 
functional form whatsoever, the Gibbs-Duhem equation (equation (8)) in 
terms of the excess chemical potentials is automatically satisfied. This 
is an example of an application of Euler's Theorem on homogeneous functions 
Ik 
(53)'' Equation (25) then can be considered as defining the procedure for 
the computation of the excess chemical potential when the functional form 
of the excess free energy is given= Thus one can readily see that if the 
original set of data are measurements of some extensive thermodynamic func-
tion_, such as the heat of mixing given as some function of the mole frac-
tions^ then the computed partial quantities will always satisfy the Gibhs-
Duhem equation (equation (8)). Examples of the incorrect use of these 
"tests" of thermodynamic consistency are pointed out in the published 
literature (3^)" The conclusion of this discussion is that in order to 
examine data for thermodynamic consistency^ the partials of the extensive 
quantities must themselves be the experimentally determined quantities. 
This conclusion was also arrived at by van Ness {'5k). 
Computation of the excess chemical potential function.—This section con-
tinues the discussion of fundamental thermodynamic relationships. In the 
previous section^ some relations between the excess free energy and the 
excess chemical potential were developed. Equation (25) relates the excess 
chemical potential to both the excess free energy function and the activity 
coefficient. It should be noted that there are two distinct considerations 
involved which should be kept clearly in mind. One is the fact that a 
model can be postulated to represent the functional relationship between 
the excess chemical potentials and the liquid compositions. The param.-
eters of any such model are determined from experimental data. The other 
consideration is that for each datum of the set of vapor-liquid equili-
brium data_, the value of the activity coefficients and hence the excess 
chemical potential, can be computed without the assumption of the model. 
This section^ therefore_, presents the equations which will be used for 
the computation of the value of the excess chemical potential from the 
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a v a i l a b l e exper imental d a t a . The method of t h e eva lua t ion of t he parameters 
of an assumed model for a l l t h e va lues of t h e excess chemical p o t e n t i a l s 
of a v a p o r - l i q u i d equ i l i b r ium experiment w i l l be d i scussed below. 
The s t a r t i n g po in t of t h i s d i s c u s s i o n w i l l be t h e equat ions der ived 
by S e a t t l e (55) ^ox' t h e excess chemical p o t e n t i a l . 
1̂ . = RT In 7 . = RT In - — 
1 1 ^ O 
Py . P 
+ / 
P. x . 
1 1 
•_v_ ^ R T 









' T . P . n . 
3 
dP 
dP + v . d P 
1 
(26) 
For the useful solution of equation (26)^ a volume-explicit equa-
tion of state must be assumed. It can also be shown that the excess chem-
ical potential is i*elated to the volumetric properties (35)^ 
E 
| i . = RT I n 
PV. 
V 
m + l i m 
p . V. X '̂̂ ' '^ ^ ^^ 
1 1 1 
V 00 ^ V ' 
m L 
an. 
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V. dP (27) 
0 1 
The eva lua t i on of t h e i n t e g r a l s in equat ion (27) r e q u i r e s a p r e s -
su re e x p l i c i t form of t h e equat ion of s t a t e . I n t e g r a t i o n of equat ion (27) 
y i e l d s an equat ion con ta in ing express ions which involve the volume of t h e 
mix ture . T r a d i t i o n a l l y , in v a p o r - l i q u i d phase equ i l i b r i um computa t ions , 
t h e use of a volume e x p l i c i t e q u a t i o n - o f - s t a t e in equat ion (26) has been 
favored over t he use of a p r e s s u r e e x p l i c i t e q u a t i o n - o f - s t a t e in equat ion 
(27) e s p e c i a l l y in t he low p r e s s u r e r e g i o n s . The reason for t h i s becomes 
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obvious when one considers that the raw data from a vapor-liquid e q u i l i -
brium experiment consists of a t o t a l pressure and temperature measurement 
a t some vapor and l iquid composition^ Hence to use a pressure expl ic i t 
equation-of-state to determine the mixture volumes when a l l the parameters 
( i . e . ^ v i r i a l coefficients) are not kno'v/n to the desired degree of p rec i -
sion^ introduces an error a t l eas t as great as the correction that one is 
t rying to make for the vapor phase imperfections. Thus, the more d i rec t 
approach would be to use the integrated form of equation (26) with a vol -
ume expl ic i t equat ion-of-s ta te . 
Of the different possible equat ions-of-s ta te , the following equa-
t i on , which is discussed in Appendix A, is used for the binary mixture. 
^ = f ^ ^ l l ^ l ' ^ 2B^2V2 ^ ^22^2" (28) 
Equation (28) i s usually modified to the following form, 
RT 
^ = T + Bl l^ l ^ ^22^2 * ^ 1 2 ^ 2 (29) 
where 
^12 = 2 B ^ - B^^ - B22 (30) 
Substi tut ion of equation (29) into equation (26) and performing the i n t e -
grat ion yields for a binary mixture, the following equations for each of 
the components: 
Py 
[i^ = RT In 7i = RT m ~-^ + (B^^ - V °)(P-P^°)+ "R^^Fj^ (3I) 
P ^ x . 
2 
u ^ = RT In 7 = RT In - ^ + ^^22 " ^2^^ ^^"^2°^"" ^2^^!^ ^^^^ 
P^ X2 
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Equations (5l) and (52) have been used to such a great extent in 
vapor-liquid equilibrium calculations that_, in effect^ they are now 
standarxi. One should keep in mind all the assumptions used in their 
development (see Appendix A)_, and that these equations are not the most 
precise and_, in some instances^ perhaps not even the best to use. The 
latter case is true when the contribution by the vapor phase imperfec-
tion terms of equations (51) and (52) is of the same order of magnitude 
as the logarithm term. This occurs when vapor-liquid equilibrium mix-
tures are very nearly ideal solutions^ (the excess Gibbs free energy is 
small). It is also true that in these cases_, the virial coefficients of 
mixing are not always available. For solutions which deviate greatly 
from ideal solutions;, the contribution of the vapor phase imperfection 
term becomes small when compared to the logarithm term. 
Virial coefficient data are usually not available in the literature 
and some means of estimation must be employed. For all the pure sub-
stances considered in this work^ experimental values of the second virial 
coefficients were found and are summarized in Appendix B, These virial 
coefficient data given as functions of temperature were correlated to the 
Berthelot equational form using the method of least squares. By using 
this basic equational form along with suitable combination rules^ the 
second virial coefficients pf the binary mixtures could be easily esti-
mated. For mixtures of non-polar molecules and for mixtures of polar-non-
polar molecules^ the Lorentz-Berthelot mixture rule (56) was used for 
computing the second virial coefficients of binary mixtures. (See Appendix 
A for a complete discussion of these computations.) 
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The general ternary equatiorio ~-In the preceding section_, the equations 
for the computation of the values of the excess chemical potentials were 
discussed. This section presents only those postulated models for the 
excess free energy which will be used in this thesis, Wohl (5) has pro-
posed the followin̂ 5 equation as a general expression for the excess free 
energy in terms of the liquid phase compositions 
•CI 
g /2.5RT = Z q . x . (z z . z . a . . + z z . z . z ^ a . . , + 
' 1 1 i j 1 J i J i j k 1 J k iJl^ 
Z z .z .z, a. ., ̂  + ... ) (55) 
i j k i ^ J ^ ^^^^ • 
In this expression g = G /n is the molar excess free energy^ and q,̂  q.̂  
1 J 
q^ and q are parameters which Wohl has called the effective molar vol-
umes of the componemts î, j^ k̂  and 1. The quantities z., z., z., and z., 
are the effective volumetric fractions of these components and are defined 
by 
z. = a.x./ Z q.x (5^) 
1 - 1 1' J •'J J 
and satisfy the condition 
^ ^i = 1 (55) 
1 
The empirical constants, a. ., a. .-, , and a. .1 n ^^^ said to be related to 
^ •' 1J-' ijk-' ijkl 
the interactions in the various groups of molecules ij_, ijk_, and ijkl. 
The first summation ( Z ) in equation (55) gives the sum of the 
ij 
products of the volumetric fractions z., z. of a l l pairs of d iss imi lar 
const i tuents that can be chosen from a given n-component system, and 
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where each product i s m u l t i p l i e d by a cons tan t a . . which i s r e l a t e d t o 
t h e force i n t e r a c t i o n s "between corresponding p a i r s of molecules . 
. S i m i l a r l y the second summation ( z ) g ives t h e sum of t h e products 
i j k 
of t he volumetr ic fractions_, z., z.^ z of a l l t r i p l e t s of a t l e a s t p a r -
t i a l l y d i s s i m i l a r c o n s t i t u e n t s t h a t can be chosen from the given n-compo-
nent system^ where each product i s m u l t i p l i e d by a cons tan t a . _, which i s 
sa id t o be r e l a t e d to t h e force i n t e r a c t i o n among t h e t r i p l e t s of molecu les . 
I t should be noted t h a t in equat ion (55) iii a l l cases terms for which t h e 
s u b s c r i p t s a r e equal ( i . e . , i = j = k = . . . ) a r e t o be excluded from t h e 
s ums. 
Following t h e development given by Wohl, t h e f i r s t t h r e e summations 
of equat ion (55) were taken and expanded. The terms were rear ranged and 
t h e pa ramete r s , a . ., a . ., , and a . ., ., were combined in to twelve parameters ^ ±y i jk^ i j k l 
p lus t h e t h r e e q-pa,rameters (q , q , and q ) t o g ive t h e fol lowing eq-ua-
t i o n for t he excess f ree energy of a t e r n a r y mix tu re : 
g /̂2.5RT = [(^1^1+ V 2 * S ^ ' / ^ l ] V a ' V ^ l l A ^ 
*12^2 • "l2^"2) ^ ^1^3(Sl^l^l/S ^ ^5^5 " 
D^^a^z^z^/q^) + Z 2 ^ ^ ( ^ 2 ^ 2 ^ A * * 2 5 ' 5 ^ l / ^ 2 ' 
+ A + 
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Dg^^gZ^q^/q^) H- ^i^g^jCAg-Ll^/qg 
^ 2 l A " ^I'^l • ^2=2^l/'l2 - "J'^S'^A^ ''^^ 
By use of equation (25) and equation (56)^ the equations for the activity 
coefficients of each component are obtained. The relationship of the activ-
ity coefficients to excess chemical potentials is given by equation (25)• 
The ternary activity coefficients in terms of liquid compositions and 
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uadetermined parameters a r e given in the fol lowing equat ions which a r e 
used in t h i s t h e s i s : 
log 7^ = z^^Cl - 2z^)A^2 " 2^2^5^ (^ i /^2^ ^25 '^ 
^ \ S ^^2 -̂  ^5^ ^ l ^ '2^2z^Z2 + ^ 3 ) ^ V ^ 2 ^ ^ 2 1 •*• 
z^z^ (2z^ - l ) (q^/q^)A^2 + ^3(^2 "̂  ^ 5 ^ ^ ^ ' ^^1^^15 '^ 
z ^ z / ( 5 z ^ - 2 ) D ^ 2 ^ 3 Z 2 % 2 ( ^ ^ / ^ ^ ) ^ ^ ^ ^ 
z^z^^(5z^ - 2)(q^/q2)(q3_/q2)D^5 " 21^2^5^^ ' ^ ^ l ^ ^ l " 
^2^^3 (1 - 5z^)(q^/q2)C2 " ^2^^^^ " ^ ^ ^ ( q i A ^ ) ^ ^ (5?) 
log 7^ = 2z^Z2(z^ + z^)k^^ + z^ (1 - 2Z2)A2^ -
(q^/q^) A ^ , + z ^ ( z ^ + z ^ ) ( l - 2 Z 2 ) A^, ^ 
z^ (Sz^z^ + z^JCq^/q^JA^^ + z^z^(2z^ - l ) (q2/q^)A^^ + 
^2^1 ^^^2 " 2 ) ( q 2 / S ^ ^ 1 2 ^ ^2^5^^^2 " ^^^25 "*" 
2 
L 
^ 4 ^ / ^ V S ^ ^ 1 5 "• '^5^1^^^ - 5z^)(q2/qi)C^ -
z^Z2Z^(2 - 5Z2)C2 - z ^ ^ z ^ d - 5z2)q2A5 Ĉ  (58) 
log 73 = 2 z ^ z / ( q 3 / q ^ ) A ^ 2 ^ ^z^z^Cz^ + z^) A^^ + 
z^2 ( l - 2z^)A3^+ Z^Z2(2Z2 - ±){q.^/q,^)k^^ + 
^2 ^^1 "̂  ^2-^^^ • ^^3 '^^2 ^ ^1^2^1^5 "̂  ^2^^%/'^1^^25 "*• 
^ z / z / C q ^ / q ^ ) D^2 .- Z3Z2(5z^ " 2 ) (q3 /q^ ) 0^3 + 
z^z^2^3z3 - 2) D^3 - z ^ 2 , ^ ( i . 3 ,^ ) ^^ /^^ C3_ -
z^z^^^^ _ 5z2)(q3/q2)C2 " ^^\^^i^ " 5Z3)C3 (59) 
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Computation of the -pai-ameters of specific models»-°In the previous sec-
t ions the equations for the computations of the excess free energy of a 
ternary mixture and the excess chemical potent ia ls of binary mixtures were 
presented. Equation (56) for the computation of the excess free energy 
of a ternary mixture is empirical in nature with twelve parameters to be 
determined. By the use of equation (25)^ equations can be obtained for 
the a c t i v i t y coefficients of each of the components of a ternary mixture 
(equations (57)^ (38)^ and (59) )• By specifying cer ta in re la t ionships for 
three of these parameters,, q ^ q , and q ^ the re la t ionship of the ternary 
equations to cer ta in forms of the binary equations can eas i ly be shown. 
In t h i s section the binary equations which are used in t h i s thes i s are 
presented^ and some of the methods used in the computation of the parameters 
of these equations are discussed. The data required for these computations 
are the a c t i v i t y coefficients for each binary component as a function of 
the l iquid composition. These values can be obtained from experimental 
vapor-liquid equilibrium data with the aid of equations (5l) and (52). 
The following discussion w i l l be given for a binary system consist ing of 
components one and two. I t is understood that th i s discussion can be 
extended to the other binary pairs of a ternary system with no d i f f i cu l t y . 
I t should also be noted that the following discussion is not new in that 
much of i t can be found in Wohl's paper {3)y but i t i s presented here for 
the sake of clar ifying the discussions in the succeeding chapters of t h i s 
t h e s i s . 
. The general binary equations are derived from equations (5?) and 
(58)^ for the binary system consisting of components one and two^ by l e t -
t ing z = 0. The resul t ing equations are usually called the binary q-
equations and are given as follows: 
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log 7-^_ = z/(l - 2Z3_)A^2 ^ 2^1^2^^Vl2^*21 ^ ^1^2^(5^l' 2)Dj^ C^O) 
log 72 = ^^I\(<l-Jl2>^^ + "̂"(1 - 2̂ 2)̂ 21 + -i''-2(5̂ 2- 2) 
(a>2)»12 (̂ 1) 
where 
z^ = x^/(x^ + ^r^^^J^^) and z^ = 1 - z. (î -2) 
If the ratio_, q./q^^ is set equal to one^ then equations (^0) and (4l) 
1 2 
become the Margules three-constant equations. 
log 7^ = x^^ll - 2x^)A^2 ̂  2x^''2%i ^ ^1^2^(5x1 - 2)D^2 ^^5) 
log 72 = 2x^2^.^^^^ ̂  ^^2(^ _ ̂ x^JA^, ̂  -l'-2^5^2 " 2)^12 ^^^^ 
When the constant D is set equal to zero, equations (^5) and (44) reduce 
to the Margules two-constant equations. 
l o g 7 i = x / ( l - 2x^)A^2 ^ 2 X ^ X / A 2 , (^5) 
log 7^ = 2^^y.^k^^ + x^^ ( l - 2x2 )A2^ (46) 
When t h e r a t i o (q^/q-, ) i s s e t equal t o t h e r a t i o of t h e molal v o l -
umes (v / v ) in equs,tions (4o) and ( 4 l ) , t h e Scat chard-Earner t h r e e - c o n s t an t 
equat ions a r e ohtair ied. 
log y^ = Zg^(l - 2Z]_)A^2 * ^z^Zg^Cv^/v^JAg^ + '^^^^{'b'z.^ - 2]D^^ (4?) 
log 7^ = 2 z / z 2 (V2A^)A^2 * ^1^(1 - 2^2)^21 ^ ^1^"2 
(5Z2 - 2 ) ( y 2 / v ^ ) D ^ (W) 
where z = x v / ( x v + x v ) and z = 1 - z . (^9) 
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I f t h e parameter D i s s e t equal to z e r o , t he Scatchard-Hamer-two-
cons tan t equat ions a r e ob ta ined . 
log 7^ = Z22(l - 2z^)A^2 + 2z^Z2^(v^/v2)A2^ (50) 
log 7^ = 2z^^Z2(v2/v^)A^2 + ^1^(1 " 2^2^^21 ^^^^ 
When the r a t i o 0.-,/<lp i s s e t equal t o k Ik in equat ions (4o) and ( 4 l ) , 
van Laar t h r e e - c o n s t a n t equat ions a r e ob ta ined . 
log 7 , = Z / A 3 _ 2 ^ V 2 ' ^ 5 Z ^ - 2 ) D ^ 2 ^52^ 
log 7^ = ^ 1 % ! + ^1^^2^^^2 • ^^^^2 /^12^^12 ^^^-^ 
where z^ = x^ / (x^ + X 2 ( A 2 ^ / A ^ 2 ) ) ^^^ ^2 " ^"^1 ^^^^ 
When t h e cons tan t D i s s e t equal to z e r o , t h e van Laar two-cons tan t 
equat ions a r e ob ta ined . 
log 7^ = z^^A^^ = ^12/1 + (^As/^ 'g^gi^^ ^^^^ 
log 72 = ^1^221 = ^ 2 1 ^ ^ ' ' ^ V 2 l / ' ' A 2 ^ ^ ^^^^ 
The Margules equations (equations (45) through (46) and the Scatchaixi-
Hamer equations (equations (47)^ (^8), (50)^ and (51)) are linear in the 
parameters, A , ^o^ ' ^^^ ̂ 19 ^^^ thus can be evaluated by the method of 
least squares. It was observed by the author that the equations for the 
ratio of the activity coefficients used for the evaluation of the param-
eters gave a better fit to the experimental data than taking each of the 
above-mentioned equations separately. Thus for the evaluation of the 
parameters (or constants) of the Margules three-constant activity 
2k 
coefficient equations, the following equation would be used, 
log (71/72) = ^2^^- " ̂ ""1^2 •*" ""l^^ " •̂ ''2̂ 2̂1 ^ î̂ 2̂ '̂'l ' ̂ ^^12 ^^^^ 
For the determination of the parameters of the Margules two-constant 
equations, only the first two terms of equation (57) would be used in 
the least squares fit of the data (equation (58)). , 
log (71/72) = ^2(1 - 5x^)A^2 + ^1^2 - 5X2)A2-L (58) 
In a l i k e nianner t h e cons t an t s t o t h e Scatchard-Earner equa t ions 
would be evaluated by t h e fol lowing equa t ion , 
log ( 7 / 7 2 ) = Z2(2z^^(l - v^/v^) + (1 - 5z-j_))A^ (59) 
{Z^/Y^){2Z^{V^ - Y^) + z^{v^ - kv^) + 2v^)A^^ + 
(z^Z2/v^)(3z^2(v^ - ^2^ -*• "l^5^2 " ^ 1 ^ " 2^2^^12 
Also t h e eva lua t i on of cons tan t s fo r t h e two-cons tan t Scatchard-Earner 
equat ions involve t h e use of equation (59) wi th t h e l a s t term removed 
from the r i g h t s ide (equat ion ( 6 0 ) ) . 
l o g ( 7 i / 7 2 ) = ^ 2 ^ 2 ^ / ^ ^ " ' ' 2 / ' ' l ^ "" ^^ " ^^1^^^12 "" ^^°^ 
(z^ /v2) (2z^2(v^ - v^) + Z2(v2 - hv^) + 2v^)A2^ 
The c o n s t a n t s . A., , A , and D a r e not l i n e a r in t h e van Laar 
eqi;et ions (equat ions (52 ) , (55)^ (55)^ and (56)) and t h e r e f o r e t h e y can 
not be determined by the simple l e a s t squares procedure used fo r t h e 
Margules and Scatchard-Eamer e q u a t i o n s . In f a c t , t h e r e i s no convenient 
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method of evaluating the parameter^, ^ip^ from the experimental data in 
eqimtions (52) and (55) and therefore these equations wi l l not be con-
sidered any further. I t is possible , however, to use a leas t squares 
procedure to evaluate the constants , A-, and A , if equations (55) and 
(56) are rewrit ten in the following form, 
(log 7 i ) " ° ' ^ = (x^/x^) V A ^ / A^i + ^1 Jhz (^1) 
(log y^)'^'^ = ( x ^ / x ^ ) ^ ^ / A^2 + 1 / ^ A ^ (62) 




PROCEDURE FOR PREDICTING TERNARY 
LIQUID-LIQUID EQUILIBRIUM 
This chapter contains a description of the procedure by which the 
ternary liquid-liquid equilibria (i.e., binodal curve with tie-lines) were 
computed from binary equilibrium data. The basis for all the computations 
was the Wohl equation for the excess free energy (equation (56)). By 
specifying relationships to the three parameters, 0.-1̂9.0̂  ̂ -̂ ^ ̂:z ̂  Wohl 
showed that this general equation can be transformed to equations pro-
posed by van Laar, Margules, and Scatchard and Hamer (5)- It is these 
latter equations which will be used for the ternary computations. These 
equations taken collectively are referred to as the standard binary activ-
ity coefficient equations. Specifically, they consist of the following 
named equations: 
(a) two-constant Margules (equations (4^) and (46)) 
(b) three-constant Margules (equations (45) and (44)) 
(c) two-constant van Laar (equations (55) ̂ -̂ ^ (56)) 
(d) two-constant Scatchard.-Hamer (equations (50) and (5I)) 
(e) three-constant Scatchard-Hamer (equations (47) and (48)) 
The first objective of this procedure is to obtain the best values 
for the constants of the standard binary activity coefficient equations. 
It should be noted that, in general, some equational form (or model) is 
postulated for the excess free energy instead of the activity coefficients 
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in terms of liquid molal compositions and empirical coefficients for both 
binary and ternary systems. Partial differentiation with respect to each 
of the mole numbers yields equations of the logarithms of the activity 
coefficients as functions of the liquid compositions and the same coeffi-
cients. The values of the coefficients of these equations can be computed 
from the experimental data in either the excess free energy function or 
the derived activity coefficient functions. The data are fitted to the 
activity coefficient functions in lieu of the excess free energy functions, 
This choice was dictated by a desire to examine the experimental vapor-
liquid equilibrium, data for thermodynamic consistency. 
Figure 1 shows the relationships and the various flows of informa-
tion in this research. 
The collection of data from the literature.--A literature survey was 
made to collect most of the data used in this research. The following 
data at the same constant temperature were sought: 
(a) Vapor-liquid equilibrium data for a p a r t i a l l y miscible 
ternary system. 
(b) Liquid-liquid equilibrium data for the same ternary 
system. 
(c) Vapor-liquid equilibrium data for a l l the component 
binary systems. 
(d) Liquid-liquid equilibrium data for a l l the component 
binary systems. 
The values obtained from the ternary experimental data could be checked 
against values predicted from the binary data. These pa r t i cu la r data 
would also t e s t the assumption that the ternary constants were negl ig ib le . 
This is the assumption which is implied in the computation of ternary 
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Figure 1. A Flow Diagram of the Procedure Used in this Thesis. 
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The above l i s t e d c o l l e c t i v e s e t of da ta was not found 1Q the publ i shed 
l i t e r a t u r e . In f a c t , no i so thermal v a p o r - l i q u i d equ i l i b r ium da ta for a 
p a r t i a l l y misc ib l e t e r n a r y system were found. There were only f ive p a r -
t i a l l y misc ib le t e r n a r y systems for which i s o b a r i c v a p o r - l i q u i d equ i l i b r i um 
da ta were found in the l i t e r a t u r e . A l l but two of t h e above i s o b a r i c 
t e r n a r y equ i l i b r ium da t a were d i sca rded because da t a f o r t h e component 
b i n a r y systems could not be found. ' 
The procedure fo r t h e l i t e r a t u r e s ea rch , t h e r e f o r e , became one of 
surveying t h e publ ished l i t e r a t u r e for a v a i l a b l e i so thermal b i n a r y vapor -
l i q u i d equ i l ib r ium d a t a , and then matching up t h e s e s e t s t o a v a i l a b l e 
t e r n a r y l i q u i d - l i q u i d equ i l i b r ium d a t a . The fol lowing major secondary 
sources of publ ished da ta were used in the l i t e r a t u r e s ea rch : 
(a) Chemical A b s t r a c t s , 19^7-1959. 
(b) Chu, J . C. , Ge t ty , R. J . , Brennecke, L. F . , and 
Rajendra, P . , D i s t i l l a t i o n Equi l ib r ium Data, 
Reinhold Pub l i sh ing Corpora t ion , New York (I95O). 
(c) Chu, J. C , Wang, S. L. , Levy, S. L. , and Pau l , R. , 
Vapor- l iquid Equi l ib r ium Data , J . W. Edwards, 
P u b l i s h e r s , I n c . , Ann Arbor, Michigan (1956). 
(d) Hala, E . , P ick , J . , F r i e d , V. , and Vi l im, 0 . , 
Va-por-Liquid Equi l ib r ium, Pergamon P r e s s , 
New York ( I958 ) . 
(e) Timmermans, J . , The Physico-Chemical Constants of 
Binary Systems in Concentrated S o l u t i o n s , Vols. I 
and I I , I n t e r s c i e n c e P u b l i s h e r s , I n c . , New York, ( I959) . 
( f ) Himmelblau, D. M., Brady, B. L . , and McKetta, J . J . , 
Survey of S o l u b i l i t y Diagrams for Ternary and 
Quaternary Liquid Systems, Spec ia l P u b l i c a t i o n 
No. 5 0 , Bureau of Engineer ing Research, The U n i v e r s i t y 
of Texas, Aus t in , Texas, ( I 9 5 9 ) . 
These secondary sources provided r e f e rences t o t h e o r i g i n a l papers which 
were examined fo r p o s s i b l e use . The systems were s e l e c t e d wi thout a p r i o r i 
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knowledge of the v a l i d i t y of the published data . Table 1 summarizes the 
binary systems which were selected on the basis of the a v a i l a b i l i t y of 
the vapor-liquid equilibrium data and the a b i l i t y to be matched to pub-
lished ternary l iquid- l iquid equilibrium data . 
I t must be pointed out that for p a r t i a l l y miscible and immiscible 
binary systems, the v i r t ua l absence of vapor-liquid equilibrium data nec-
ess i ta ted that l iquid- l iquid temperature-composition data be used. Table 
2 summarizes the p a r t i a l l y miscible and immiscible binary systems used 
in th i s study. 
Table 1. A Summary of the Miscible Binary 





















Table 2. A Summary of the P a r t i a l l y Miscible 




















The Treatment of Binary Vapor-Liquid Equilibrium Data 
This section develops the procedure by which the collected binary 
equilibrium data are t rea ted . The objective in th i s section on the 
treatment of binary systems is to use the avai lable info2rmation to obtain 
values of the parameters in the standard binary a c t i v i t y coefficient 
equations. This process may also be described as one of corre la t ing the 
data by each of the standard binary equations which were discussed a t the 
beginning of t h i s chapter. The binary systems are considered as being in 
one of three possible categories which are summarized as : 
(1) ideal systems 
(2) non-ideal miscible systems 
(5) part ia . l ly miscible or immiscible systems 
A binary system is considered to be ideal if the excess free 
energy of the mixture is e i ther zero or very small. For these systems 
the parameters of the standard binary equations are zero. In t h i s study 
a system was c lass i f ied as an ideal system e i ther by assumption^ or i f 
the avai lable experimental data indicated a small excess free energy 
for the binary system. The basis for assuming a system to be ideal was 
that experimental data were not avai lable and that the mixture consisted 
of s imilar compounds. 
Binary systems which form two liquid phases upon mixing of the 
binary consti tuents are c lass i f ied as p a r t i a l l y miscible or immiscible 
systems depending upon the extent of the mutual so lub i l i t y . Since vapor-
l iquid equilibrium data were not avai lable for most of these systems, the 
following procedure was employed. One of the two-suffix equations was 
presumed to be valid ( i . e . , to s a t i s f a c t o r i l y describe the a c t i v i t y 
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coefficients in the homogeneous regions) , and the parameters were computed 
for that equation from the mutual so lub i l i t y data by methods outlined in 
Treybal (39)° The only means of checking the va l i d i t y of the assumption 
of the app l i cab i l i t y of any of the standard binary equations is to use 
vapor-="liquid equilibrium data for that pa r t i cu la r binary system. 
If a p a r t i a l l y miscible binary system had vapor-liquid equilibrium 
data avai lable at temperatures above i t s upper c r i t i c a l solution tempera-
ture _, then the in teres t ing pos s ib i l i t y exis ts of checking an assumed 
modelo For, if one computes the corre la t ion parameters of an assumed 
model from the mut'jal so lub i l i t y data at temperatures below the c r i t i c a l 
solution temperature, then an approximately l inear re la t ionship often 
exis t s between these corre la t ion parameters and the reciprocal of the 
absolute temperatures (^0)» Thus values of the parameters can be extrap-
olated to temperatures above the c r i t i c a l solution temperature, if the 
curvature is not too grea t , and a check can be made with the same assumed 
model for the vapor-liquid equilibrium data . 
The published data for the non-ideal miscible systems consisted 
of e i ther isobaric or isothermal vapor--liquid equilibrium s tudies . The 
procedure for the treatment of the isobaric data w i l l be discussed f i r s t , 
followed by a discussion of the treatment of isothermal data , 
Isobaric equilibrium data were used when they were the only data 
avai lable for a pa r t i cu la r component binary system of a ternary system. 
The published expeji'imental data were used to compute the values of the 
a c t i v i t y coefficients by equations (31) and (52) except that no corrections 
were made for gas phase im.perfections» The a c t i v i t y coefficients so ob-
tained were used as r a t i o s , as given in equations (57) through (60), to 
obtain the parameters of the Margules and Sctachaid.-Hamer equations by the 
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method of least squares., Another techn.iquê  vhich was investigated for 
only two systems,, was to compute the values of the pa]ram.eters to the 
Margules and Scatchard-Hamer equations explicit in the activity coef-
ficients of each component by the method of least squareso Thus three 
sets of parameters were obtained for each of the Margules and Scatchard-
Hamer equations (viz»^ equations (̂ 3) to (5l))o On the basis of the 
studies on the two system.s considered (nitromethane--benzene^ and benzene — 
n~heptane)^ it was concluded that the best parameters to the Margules and 
Scat chard-Hamer eqiiations were obtained by a least squares fit of the 
ratio of the activity coefficients in terms of the liquid compositions. 
Thus the constants for the two-constant Margules equations (equations (̂ 5) 
and (46)) were obtained from a fit of the experimental data by equation 
(58)0 The constants for the three-constant Margules equations (equa-
tions (43) and (44)) were obtained from a fit of the data by equation 
(57)• The constants for the two-constant Scatchard-Hamer equations 
(equations (50) and (51)) were obtained from a fit of the data by equa-
tion (60). The constants for the three-constant Scatchard-Hamer equations 
(equations (47) and (48)) were obtained from a fit of the data by equa-
tion (59)0 The constants for the two-constant van Laar equations (equa-
tions (55) and (56)) were obtained by a least squares fit of the data by 
a slightly different procedure^ which is discussed at the end of this 
section. 
Thus after having obtained the parameters to all of the standard 
binary activity coefficient equations^ it was desired to know which one 
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pair out of this set of binary equations best represented the data. The 
criterion used was that the best fitting pair of equations out of all of 
the standard, binary equations had the smallest value of the sums of squares 
of residuals for activity coefficients one and two,, 
The relationship of the values of the parameters determined from 
isobaric data to be used in isothermal computations is not always clear., 
If the temperature difference between the maximum and the minimum tempera-
tures which an isobaric equilibrium system can have^ is a small number^ 
the system is usually considered to be essentially an isothermal system. 
If the temperature difference is large^ one usually assumes that the cor-
relation parameters do not vary greatly with temperature anyway, and pro-
ceeds to use them in an isothermal sense. If the isobaric data are the 
only available data then one has no recourse but to make either of the above 
two assumptions and proceed with the computations. 
The values of the coefficients for each of the standard binary equa-
tions are found in Appendix D along with values of the sums of squares of 
residuals for the fit of each of the equations to the ratio of the activity 
coefficients and to the activity coefficients of each component. This 
least squares fitting procedure was programmed for the Burroughs 220 com-
puter located at the Rich Electronic Com.puter Center at Georgia Institute 
of Technology, Atlanta, Georgia, 
The activity coefficients for the non-ideal miscible binary systems 
were computed by eciuations (51) and (52), These activity coefficients were 
fitted to the standard binary equations using the same least squares pro-
cedure as that described for the isobaric system, except that gas phase 
imperfections were taken into account. The basic experimental data of 
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t o t a l p r e s s u r e , vapor and l i q u i d composit ions fo r some of t h e b i n a r y 
systems (namely, w a t e r - a c e t o n e , w a t e r - p y r i d i n e , benzene-e thanol ) were 
t e s t e d for thermodynamic cons i s t ency by the methods ou t l i ned in Par t I I 
of t h i s t h e s i s . One of t he computed q u a n t i t i e s of t he cons i s t ency t e s t 
i s a s e t of va lues of t he a c t i v i t y c o e f f i c i e n t s ^ computed by equa t ions 
(31) and ( 5 2 ) , for n i n e t y - n i n e va lues of t h e l i q u i d composi t ions . These 
a c t i v i t y c o e f f i c i e n t s were computed from a f i t of t h e exper imenta l d a t a , 
whi le t he p r e v i o u s l y d i scussed a c t i v i t y c o e f f i c i e n t s were computed from 
t h e exper imental da ta themselves» This s e t of n i n e t y - n i n e a c t i v i t y coef-
f i c i e n t s were then f i t t e d to t he s tandard bin,ary equat ions in t h e manner 
desc r ibed for t h e i s o b a r i c systems-. I t was observed t h a t t h e parameters 
obta ined from e i t h e r s e t d id not vary a p p r e c i a b l y from each other* 
The eva lua t ion of t h e cons tan t s A and A for t h e van Laar equa-
t i o n s p r e s e n t s some d i f f i c u l t i e s which a r e not encountered in t he l e a s t 
squares procedure for the Margules and Scatchard-Hamer e q u a t i o n s . There-
fore t h e next s e c t i o n d i s c u s s e s t h e procedure which i s used only for t h e 
eva lua t i on of t he ]3arameters of equat ions (55) and {^6)' Equations (6I ) 
and (62) a r e l i n e a r in t h e c o n s t a n t s ) ( i\Jk Ik , l/tjk , e t c . ) and 
thus can be determined us ing t h e method of l e a s t s q u a r e s . A g r a p h i c a l 
method has been demonstrated (57)» 0^^ oi" "the minor o b j e c t i v e s of t h i s 
t h e s i s i s t o s tudy the f e a s i b i l i t y of automating t h i s g r a p h i c a l p rocedure . 
The fol lowing i s a d i s c u s s i o n of t h e problems encountered in t h i s p a r t i c u -
l a r i n s t a n c e . 
I f t h e da ta a r e i n t e r p r e t e d as t he r a t i o of t h e mol f r a c t i o n s t o 
be funct ions of t h e r e c i p r o c a l square roo t of t h e a c t i v i t y c o e f f i c i e n t s , 
t h e r e l a t i o n s h i p should be l i n e a r i f t h e da t a can be c o r r e l a t e d by t h e 
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van Laar two-constant equations« The slopes of the straight lines are 
given by /̂ A /A and //ATT /A-,p̂  and the intercepts are given by 
1/ Jk7~ and I / V A for the composition dependence of the reciprocal 
square roots of log 7 and log 7 respectively. This method cannot be 
used for mixtures which show a negative deviation from Raoult's law as 
the activity coefficients are less than unity. 
In most cases the data will not plot as a straight line and the 
problem is one of finding the "best" straight line through the given 
points. In this study_, the term_, "best" straight line is taken to be 
that line which gives constants for the van Laar equations such that the 
deviation of the computed curve of activity coefficients versus liquid 
composition from the experimentally determined points is a minimum, A 
method of finding the best straight line is one where the sums of the 
squares of the residuals is a minimum, A residual is a term used in this 
study to mean the difference between the computed value and the observed 
value of the activity coefficient for some particular liquid composition. 
Several factors must be taken into account in the application of the least 
squares procedure. For precise calculations^ it is necessary to consider 
that the various mê asurements have different statistical weights which are 
functions of the errors of measurements. The assignment of a correct 
weighting factor to a least squares fit is a problem related directly to 
each individual experiment. Usually these data are not available in the 
literature except for the general statement that measurements of a compo-
nent present in sma.ll quantities (dilute region) are more uncertain than 
measurements in a more concentrated region. 
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The second factor to be taken into account is that from the nature 
of the various functions _, the following relations must hold^ 
lim log 7^ = A^2 (63) 
x^ -> 0 
lim log 7^ = A^^ {6k) 
X-, -> 1 
Thus the constants in theory could be easily determined from an extrapola-
tion of the given data plotted as a composition dependence of the logarithm 
of the activity coefficients; but it is precisely in this dilute region 
where the uncertainty of the experimental data is the greatest. 
Examination of the nature of this method of correlation of the data 
to the van Laar equations discloses some difficulties. From a table of 
X versus (x/l - x), it is observed that the majority of the data (i.e., 
0 < X < 0.8) can be represented by the i^tios 0 < (x/l - x) < ^.0. The 
representation of the data for equation (6l) is shown in Figure 2 with 
the least squares fit through all the data points given by the curve 
marked I. The system is ethanol-benzene at ̂ 5° C (58). While the straight 
line (l) represents the best fit of the data in the least squares sense_, 
the constants that were determined are very inadequate, as seen in Figure 
5. From an examinsition of the data points, it is obvious that the data 
should not correlate well with the van Laar equations. We are, however, 
looking for the best van Laar correlation and use of all the data is cer-
tainly unsatisfactory. 
If the problem were to be solved manually, in lieu of a computer, 
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Figure 3* Computed activity coefficients for the system,, ethanol-
benzene at 45°C. using the least sq_uares approximation 
curves I and II to the van Laar equations given in 
figure 1. 
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satisfy equations (65) and (6^)- To achieve this end with a computer^ 
the solution of the problem requires a certain weighting to be introduced. 
Since most of the data, as pointed out above, lies in a region defined by 
0 < (x/l - x) < 4, it was arbitrarily decided to assign points in this 
region a weighting factor of 1<.0 and all others (i.e., for x/(l - x)>4.0) 
a weighting factor of zero. The results of this procedure certainly brings 
the correlation closer to the experimental data, although as can be seen 
from Figure 3 the fit is still poor« This is due to the fact that these 
data just do not correlate well with the van Laar equations. The prece-
dence for this technique of correlation has been implied in the literature 
(37). 
The param.eters for the standard binary equations, obtained for 
the component binary systems, were then used in equations (37)^ (38), and 
(39) to compute the activity coefficients of each component of a ternary 
mixture. The following discussion will describe the procedure used in 
the prediction of the ternary liquid equilibrium. 
The prediction of ternary liquid-liquid equilibrium.--The procedure used 
in the prediction of ternary liquid-liquid equilibrium is based upon the 
fact that at equilibrium the chemical potential of each component is the 
same in every phase (equation (ll)). If a standard state of the tempera-
ture and pressure of the system is chosen, then from equations (I9) and 
(20) it is seen that the activity of each component is the same in every 
phase. Hence if a function is postulated for the activity coefficients of 
each component in terms of liquid compositions, the activities of each com-
ponent can be computed for any composition. Then, for a ternary liquid , 
system, those compositions where the activities of each component are the 
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same_, two l i q u i d phases in equ i l i b r ium a r e i n d i c a t e d . The problem Is t o 
determine i f t h e r e e x i s t s d i s t i n c t composit ions in a t e r n a r y system for 
which the a c t i v i t i e s of each component a r e t h e same. 
The t e r n a r y system a c t i v i t y c o e f f i c i e n t s in t h i s t h e s i s a r e com-
puted by equat ion {31)j (58)^ and (59) wi th a p p r o p r i a t e r a t i o s of the 
pa rame te r s , q , q , q , de termining which equat ion form i s to be used. 
For example, i f a l l t he r a t i o s of t he q ' s were s e t equal to u n i t y , then 
t h e t e r n a r y equat ions r e p r e s e n t an ex tens ion of t h e b i n a r y Margules equa-
t i o n s to t e r n a r y systems. Using the cons tan t s for t he va r ious b i n a r y 
systems of t h e s p e c i f i c models ( i . e . , t h e s tandard equa t ions) t h e a c t i v -
i t y c o e f f i c i e n t s and then the a c t i v i t i e s of each component were computed 
fo r s p e c i f i c t e r n a r y composi t ions . 
The de te rmina t ion of t h e t e m a r y l i q u i d - l i q u i d equ i l i b r ium i n -
volved the fol lowing s t e p s : 
1. From a knowledge of t h e b i n a r y mutual s o l u b i l i t y d a t a , a 
t r a p e z o i d a l region in t h e t e r n a r y f i e l d was a r b i t r a r i l y spec i f i ed fo r 
one of t he phases . Subsequent d i s c u s s i o n s of t e r n a r y composit ions and 
t e r n a r y f i e l d s w i l l be wi th r e spec t to a t r i a n g u l a r coord ina te system. 
This i s i l l u s t r a t e d in Figure k, 
2 . The a c t i v i t i e s of each component were then computed in t h i s 
r eg ion a t spec i f i ed i n t e r v a l s of composit ion and s to red in a t a b u l a r 
format. 
5 . Values of t h e a c t i v i t i e s of each component were then computed 
for some t e r n a r y composit ion in t he reg ion of t he o the r phase , which was 
approximate ly dete:niLined from t h e mutual s o l u b i l i t y da t a of t h e p a r t i a l l y 
m i s c i b l e b i n a r y system. For example, i f the t e r n a r y system c o n s i s t s of 
k2 
COMPONENT 3 
STEPS 1 & 2 
STEP 3 
COMPONENT 1 COMPONENT 2 
Figure h. Illustration of the steps involved in the procedure used in 
the prediction of ternary liquid-liquid equilibrium. 
5̂ 
components one^ two, and three, and components one and two form a par-
tially miscible binary system, then the trapezoidal region (described in 
step 1 above) might consist of composition points rich in component two. 
The other phase would then be in the region of composition points rich in 
component one. This is illustrated in Figure k-o 
ij.. A table scanning procedure was then used to find the values of 
the activities of each component to be approximately the same in each 
phase. Specifically a quantity D, defined by equation (65) was computed, 
° = (̂ 11 " ̂ 2'"^ "• (̂ 21 " ̂ 22^^ -̂  (̂ 51 " ̂ 2 ^ ^ • ^^5^ 
In equation (65) the terms a . . denotes the a c t i v i t y of component i in a 
j - r i c h l iquid mixture of the ternary system. The choice of the size of 
the value of D was used to regulate the number of decimal places to which 
the a c t i v i t i e s of each component had to agree. For example, i f i t were 
specified tha t the differences of the a c t i v i t i e s of each component must 
be less than 0.001, then the maximum permissible D to sa t i s fy t h i s c r i -
t e r ion would be 1.0 X 10 , Any values of D computed by equation (65) 
which were greater than th i s specified value of D were discarded. In 
p rac t i ca l computations the coarseness (the r e l a t i v e l y large distance 
between adjacent ternary composition points) of the selected points in 
-k the trapezoidal region necessi tated that D have a value of 1.0 x 10 to 
find the values of the t i e - l i n e s . 
The en t i re computational process was programmed for the Burroughs 
220 computer with the table stored in the computer. The t rapezoidal 
region consisted of approximately one-thousand composition points . The 
average distance between points was 0.01 in mole fraction compositions. 
kk 
The computations for each ternary system_, consist ing of finding about 
five t ie-lines_, averaged about two hours of computer time. 
The predicted resu l t s were then compared with the experimental 
ternary data in two ways. F i r s t the slopes of the predicted t i e - l i n e s 
were compared with the published data_, and secondly^ the compositions 
of the binodal cui-ve were compared with the experimental values. 
^^ 
CHAPTER IV 
DISCUSSION OF THE RESULTS OF TERNARY PREDICTIONS 
In t h i s chap te r t h e r e s u l t s of t h e p r e d i c t i o n of t h e t e r n a r y 
l i q u i d - l i q u i d e q u i l i b r i a , using the procedure o u t l i n e d in t he previous 
c h a p t e r , a r e p resen ted in a summary form. The r e s u l t s a r e given for 
one t e r n a r y system a t a t ime . For each system t h e p r e s e n t a t i o n c o n s i s t s 
of t he fol lowing i n a t e r i a l : 
1. A summitry paragraph con ta in ing some of t he conclus ions about 
the p r e d i c t i o n method for t h a t p a r t i c u l a r t e r n a r y system. 
2 . A t a b l e of t he exper imenta l l i q u i d - l i q u i d equ i l i b r ium da ta 
given in molal composi t ions . Most of t he da ta p resen ted in 
t he l i t e r a t u r e i s given in weight f r a c t i o n s and a convers ion 
must be made. 
5 . A t a b l e of t he computed l i q u i d - l i q u i d equ i l i b r i um t i e - l i n e 
composit ions and va lues of t h e parameters used in a s p e c i f i c 
model. , 
h. A f i gu re of t h e t e r n a r y system showing the exper imenta l and 
computed t i e - l i n e s . 
5 . A f igu re showing the computed and exper imenta l va lues of t h e 
s lopes of the t i e - l i n e s . 
The p e r t i n e n t da ta for t he component b i n a r y systems along wi th some d i s -
cuss ions of t he b i n a r y systems a r e found in t h e Appendices. I t i s noted 
t h a t t h e p h y s i c a l p r o p e r t y da t a for t h e pure compop.ents g e n e r a l l y came 
from re fe rence (102) fo r hydrocarbons and r e fe rence (105) for o the r 
he 
components. Each component of t h e t e r n a r y system i s des igna ted by the 
numbers, ( l ) , ( 2 ) , and (5) i n t he t a b l e headings to f a c i l i t a t e t he v a r i -
a b l e d e s c r i p t i o n s in terms of s u b s c r i p t s w i t h i n t h e t a b l e s . The phases 
a r e a r b i t r a r i l y des igna ted as Alpha and Beta phase for i d e n t i f i c a t i o n pu r -
poses and t o avoid any p h y s i c a l conno ta t i ons . The b a s i c equat ions fo r 
t h e va r ious models d i scussed in t h i s chap te r a r e equat ions (57 ) , (58)^ 
and ( 3 9 ) ' The Margules model implies t h a t the pa rame te r s , q , q , q , a r e 
s e t equal t o one in t he se b a s i c e q u a t i o n s . The Scatchard-Hamer model 
means t h a t t he pa ramete r s , q, , q , q , a r e se t equal to t h e molal volumes 
of components one, two and t h r e e , r e s p e c t i v e l y , in t he b a s i c e q u a t i o n s . 
The van Laar model means t h a t t he rat ios of t h e q ' s a r e se t equal to t he 
rat ios of t h e A 's and furthermore t h e parameters JD-,̂ ^ -̂ px •> ^^'^ -^IT, ^^^ 
s e t equal t o zero in equat ions (57) through (59)• 
The system: fu r fu ra1- -n -hep tane - -cyc lohexane . - -The t e r n a r y system 
fur fura l - -n-heptan .e - -cyc lohexane was s tud ied a t t empera tures of 50 , 6 0 , 
and 90° C. by Bethea {kl) and a t 50° C. by Pennington and Marwil {k-2). 
There were no v a p o r - l i q u i d equ i l i b r ium da ta a v a i l a b l e a t t he s e tempera-
t u r e s for t he p a r t i a l l y mixcib le b i n a r y p a i r s , f u r f u r a l - - n - h e p t a n e and 
fu r fu r a l - - eye lohexane . The parameters for t he s e systems were computed 
from mutual s o l u b i l i t y d a t a . The b i n a r y system, eye lohexane--n-heptane 
was considered t o be an i d e a l system and t h e r e f o r e t h e parameters were 
s e t equal t o zero for t h e p r e d i c t i o n computat ions , A more d e t a i l e d t r e a t -
ment of t h e s e b i n a r y systems i s p resen ted in Appendix D, 
The r e s u l t s of t h e p r e d i c t i o n of t e r n a r y t i e - l i n e da t a a r e given 
in Tables k through 9 and in F igures 5 through 10. The two parameter 
forms of t h e s tandard b i n a r y equat ions were used in equat ions (57)^ ( 5 8 ) , 
1̂ 7 
Table 5 , Experimental T i e - l i n e Data for t he System: 
Fu r fu ra l ( l ) - - n - h e p t a n e (2) - -cyc lohexane 
(3) a t 50° C. (Data of r e fe rence {kl)). 
T i e - 1 : Lne Alpha Phase Compos i t ion Beta Phase Compos i t ion 
^ 1 ^2 ^ ^ 1 ^2 ^ 
1 . 0.856 0 . 0 0.144 0.065 0 . 0 0.935 
2 . 0,922 0.0498 0,0282 0,060 0.7106 0,2294 
5 . 0.903 0.0353 0.0617 0.064 0.4727 0.4633 
h. 0.877 0.0155 0.1075 0.065 0.1921 0.7449 
5. 0.9^0 0.060 0 . 0 0.060 0.940 0 . 0 
6. 0.915 0.0441 o.o409 0.063 0.6184 0.3186 
7- 0.904 0.0354 0,0606 0.066 0.4838 0.4502 
8. 0.9^3 0.057 0 . 0 0.060 0.940 0 , 0 
9- 0.851 0 . 0 0.149 0.0642 0 . 0 0.9558 
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Table k. Computed Tie-line Values Using the 
van Laar Model for the System: Furfural 
(l)-"n-heptane (2)--cyclohexane 
(5) at 30° Co 
Values of the Constants Used 
A;L2 = l-5'^O A-Lj = 1 .357 ^25 = ° 
Ag^ = 1.359 A^^ = 1.025 ^2 = ° 
\2 = ° ^ 1 2 = 0 ^23 = ° 
C^ = 0 Cg = 0 C = 0 
II. Computed Tie-lines and Activities 
T i e - l i n e Alpha P h a s e Compos i t i on 
B e t a P h a s e Compos i t i o n 
^ 1 ^2 ^ 
1 . 0.93if 0 .056 0 . 0 1 0 
O0O65 0 . 8 6 0 0 .075 
2 . 0 . 9 2 7 0 .055 0 . 0 2 0 
0 .065 0 . 7 9 0 0 .145 
5 . 0 . 9 2 1 0.0^^9 0 . 0 5 0 
0 .065 0 . 7 1 0 0 .225 
if. 0 .915 0 .0^5 o.o4o 
0 .065 0 . 6 4 0 0.295 
5. 0^906 0 .044 0.050 
0 .065 0 . 6 0 0 0.555 
6. , 0.89^+ 0 .056 0.070 
0 .065 0 .475 0.400 
7. 0 .875 0 .025 0.100 
0 .065 0 .515 0.620 
Computed A c t i v i t i e s 
Each Phase 
i n 
















































Figure 5* Experimental and computed liquid-liquid equilibrium using the 
van Laar model for the system: furfurall--n-heptane--cyclo-
hexane at 30°^.. 
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T a b l e 5 . Computed T i e - l i n e Va lues Us ing t h e Margu le s 
Model f o r t h e Sys tem: F u r f u r a l ( l ) - - n - h e p t a n e 
( 2 ) — c y c l o h e x a n e (3 ) a t 50° C. 
I . Va lues of t h e C o n s t a n t s Used . 
^12 " ^'^^^ ^15 " ^ -^^5 
^ 2 1 " -^ '^^^ ^ 1 " ^'^^^ 
\ 2 = ° ^ ^15 =•• ' -
C, = 0 C^ = 5 
q^ = 1.0 q^ = 1.0 
II. Computed Tie-lines and Activities 
*23 = 
= 0 
S2- = 0 
"23 = 
= 0 
S = = 0 
% = = 1.0 
T i e - l i n e Alpha 
Be ta 
Phase C o m p o s i t i o n 
Phase Compos i t i on 
Computed A c t i v i t i e s 
Each P h a s e 
i n 
^ 1 ^2 ^ ^ 1 ^2 "5 
1 . 0 . 9 2 8 
0 . 0 6 0 
0 .052 
O.78O 
0 . 0 2 0 
0 . 1 6 0 
0 .942 
0 . 9 5 8 
0 . 7 9 0 
0 . 7 9 0 
0 . 1 5 7 
0 . 1 6 1 
2 . 0 .922 
0 . 0 6 0 
o.oi^8 
0 .705 
0 . 0 5 0 
0 .255 
0 . 9 5 7 




0 . 2 5 7 
5. 0 .915 
0 . 0 6 0 
0 .0^5 
0 . 6 4 0 
o.oi^-o 
0 . 5 0 0 
0 .952 
0 . 9 5 9 
0 . 6 5 0 
0 . 6 4 9 




0 . 0 5 7 
0 . 5 0 0 
0 . 0 6 0 
0 . 4 4 0 
0 .925 
0 . 9 0 7 




5 . 0 . 8 9 0 
O.O6G 
0 . 0 5 0 
0 . 2 5 0 
0 . 0 8 0 




0 . 2 5 4 
0 .572 
0 . 5 6 7 
6 . 0 . 8 8 0 
0 . 0 6 0 
0 . 0 2 0 
0 . 2 5 0 
0 . 1 0 0 
0 . 6 9 0 
0 .906 
0 .895 
0 . 2 5 4 
0 . 2 5 4 
0 . 7 0 0 
0 . 6 9 9 
7 . 0 . 869 
0 . 0 6 0 
0 . 0 1 1 
0 . 1 5 0 
0 . 1 2 0 
0 . 8 1 0 
0 . 8 9 8 
0 .885 
0 . 1 5 4 
0 .152 
0 . 8 1 9 






Figure 6. Experimental and computed liquid-liquid equililDrium using 
the Margules model for the system: furfural--n-heptane--
cyclohexane at 30°C. 
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Table 6 . Computed T i e - l i n e Values Using the Sca tchard-
Hamer Model fo r t he System: Fu r fu ra l ( l ) — 
n-heptane (2)—-Cyclohexane (3) a t 30° C. 
I . Values of t h e Constants Used. 
A^2 = 1 . 3 4 0 A - 1.521 
Ag-̂  = 1.265 A^^ = 0.876 
D ^ = 0 D^^ = 0 
S =° C, = 0 
q^ = 0.08^ q^ = 0.148 
*23 = ° 
\ 
= 0 
^23 = ° 
S =° 
q = 0.110 
II. Computed Tie-lines and Activities. 
T i e - l i n e Alpha Phase Com] DOS i t i o n 
Beta Phase Compc Dsi t ion 
^ 1 ^2 " 3 




















































































Figure 7- Experimental and computed liquid-liquid equilibrium using 
the Scatchard-Hamer model for the system: furfural--




















D computed from von Laar model 
O computed from Margules model 
A computed from Scatchard-Hamer model 
0.05 0.10 0.15 0.20 
X^. composition of cyclohexane in furfural rich phase 
Figure 8. Experimental and computed distribution curves using the 
various models for the system: furfural--n-heptane--
cyclohexane at 30*̂ 0. 
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Table 7. Computed T i e - l i n e Values Using t h e van Laar 
Model for t he System: F u r f u r a l ( l )—n-hep t ane 
(2)—cyclohexane (5) a t 60° C. 
I . Values of t h e Constants Used. 
. A^2 = 1-105 A = 1.051 A23 = 0 
A^^ = I . I 6 7 4^^ = 0.85^ ^ 2 = ° 
• ^12 = ^ ^3 = ° % = ° 
1̂ = ° Cg = 0 °3 = 0 
I I . Computed T i e - l i n e s and A c t i v i t i e s 




s i t i o n 
i t ion 
Computed A c t i v i t i e s in 
Each Phase 


























































Figure 9. Experimental and computed liquid-liquid equilibrium using 
the van Laar model for the system: furfural--n-heptane--
cyclohexane at 60°C. 
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Table 8. Computed T i e - l i n e Values Using the Margules 
Model fo r t he Systems: Fu r fu r a l ( l ) - - n - h e p t a n e 
(2) - -cyc lohexane (3) a t 60° C. 
I . Values of the Constants Used. 
A^2 = 1-099 A^^ = 1.025 A^^ = 0 
A^^ = I0I68 A-^ = 0.845 ^ 2 " ^ 
\ 2 = ° "15 = ° "25 = ° 
C = 0 C - 0 C = 0 
J- d. J 
q^ = 1.0 q̂  = 1-° '^^ = i -o 
II. Computed Tie-lines and Activities 




3 i t i o n 
i t ion 
Computed 
Eac 
A c t i v i t 
h Phase 
i e s in 
X 
1 ^2 "5 ^1 
a 
2 "5 





































Table 9. Computed Tie-line Values Using the van Laar 
Model for the System: Furfural (l)--n-heptane (2)~-
Cyclohexane (5) at 90° C. 
lo Values of the Constants Used, 
A^2 = 0-8^5 
A^^ = 0»976 
^ 1 2 = ^ 
1̂ = ° 
A,3 = 0„755 
A^^ = 0»705 
^15 = ^ 
C2 = 0 
A 2 3 - O 
A 5 , = 0 
^25 = ° 
C = 0 
II. Computed Tie-lines and Activities 
T i e - l i n e Alpha Phase Composition 
Beta Phase Composition 












































Figure 10. Experimental and computed liquid-liquid equilibrium using 
the van Laar mcxiel for the system: furfural--n-heptane--
cyclohexane at 90°C. 
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and (39) t he p r e d i c t i o n of t he system a t 50° C As can he seen in F igures 
5 and S, t he computed r e s u l t s compare favorab ly wi th the exper imenta l 
d a t a for the Margules and van Laar t e r n a r y models. Figure 8 tends t o show 
t h a t the Margules model i s b e t t e r for the p r e d i c t i o n of t he t e r n a r y e q u i l -
ibrium than any of t h e o the r models studied,, The Scatchard-Hamer equa-
t i o n s did not p r e d i c t we l l for t h i s system. As the tempera ture of t h e 
system increased the p r e d i c t i o n s became poorer as can be seen from Figures 
9 and 10. The Margules model gave e s s e n t i a l l y t he same r e s u l t s as t h e 
van Laar models for F igures 9 and 10 and i s not shown. Since t h e param-
e t e r s a r e determined from mutual s o l u b i l i t y da t a on ly , i t i s r easonab le t o 
expect t h a t the va lues of t h e parameters become more u n c e r t a i n in t he 
reg ion of t h e c r i t i c a l s o l u t i o n tempera tures of t he b i n a r y systems. I t 
would be worthwhile t o i n v e s t i g a t e t he v a p o r - l i q u i d equ i l i b r i um of a p a r -
t i a l l y misc ib l e b i n a r y system under i so thermal cond i t ions in t h e region of 
t h e c r i t i c a l s o l u t i o n t empera tu re . 
The system: ani l ine-°n-hej3 tane-"Cyclohexane. --The t e r n a r y l i q u i d system^ 
an i l ine - "n -hep tane -"cyc lohexane^ was s tud ied a t 25° 0, by Hunter and Brown 
(^5 ) . The r e s u l t s of t he t e r n a r y p r e d i c t i o n s for t h i s system a r e shown 
in F igures 11 and 12 for t h e Margules model. The van Laar model gave 
s i m i l a r r e s u l t s and i s not shown. Since t h i s system, i s comparable to 
t h e fu r fura l - -n -hep tane-=cyc lohexane t e r n a r y system^ i t was expected t h a t 
t h e r e s u l t s would be comparable a l s o . This was not the case_, however_, 
and the d i f f i c u l t y appears t o be in ob t a in ing s u i t a b l e parameters for 
t h e b i n a r y system_, aniline--=-cyclohexane. The computation of t h e s e param-
e t e r s i s d i scussed in Appendix D. As i s d i scussed ia t h e Appendix^ t h e r e 
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Table 10. Experimental Tie- l ine Data for the System: 
Aniline (l)-"n-heptane (2)--cyclohexane (5) a t 25° C. 
T i e - l i n e Alpha P h a s e Compos i t i o n B e t a Phase Compos i t i o n 
^ 1 ^2 ^ ^ 1 ^2 "5 
1 . 0 -959 O0O6I 0 . 0 O0O7I 0 . 9 2 9 0 . 0 
2 . 0 . 9 2 7 0 .056 0 . 0 1 7 0 . 0 8 4 0 .706 0 . 2 1 0 
5. 0 .905 0 . 0 5 0 0.0^^5 0 . 0 9 4 0 .556 0 , 5 5 0 
k. 0 .886 0 .046 0 . 0 6 8 0 .105 0 . 4 5 9 0 . 4 5 8 
5» O0850 0 . 0 3 1 0 . 1 5 9 0 .124 0 . 2 2 7 0 . 6 4 9 
6. 0 . 7 1 8 0 . 0 0 .282 0 .152 0 , 0 0 . 8 4 8 
appears to be some confl ict ing data for the binary system_, an i l ine - -
cyclohexane which is probably reflected in the poor r esu l t s of the compu-
ta t ions for t h i s system. 
The system.: ni troethane"°n-octant°"isooctane. ~°The l iqu id- l iqu id equ i l i -
brium data for t h i s system T(?ere determined by the author and is discussed 
in Appendix E of th i s t h e s i s . The resu l t s of the predict ions are com-
pared to the experimentally determined data at 25° 0. in Figure- I5, ...• 
The Marg.ules model g i v e s a s l i gh t ly b e t t e r predict ion of the ternary 
data than the van^Laar equations. The discussion of the computation of 
the parameters to the binary equations is given in Appendix D. 
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Table 11„ Computed T i e - l i n e Values Using the Margules 
Model for t he System: An i l ine ( l ) - - n - h e p t a n e 
(2) - -cyc lohexane (5) a t 25" C. 
Values of t he Constants Used. 
^12 " 1-298 A - 1.098 
k^^ = 1.557 A^^ - 0.767 
^12 = ^ ^15 == ' 
G^ = 0 ^2 " ° 
q^ = loO q^ = 1-0 
I I . Computed T i e - l i n e s and A c t i v i t i e s . 
^25 — 0 




s - 0 
s = 1. 0 




Computed A c t i v i t : 
Each Phase 
Les in 
^1 \ ^ ^1 ^2 "5 
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5. 0.867 




























Figure 11. Experimental and computed liquid-liquid equilibrium using 
the Margules model for the system; aniline--n-heptane--
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0 0.05 0.10 0.15 0.20 
X^^ composition of cyclohexone in aniline rich phase 
Figure 12. Experimental and computed d i s t r i bu t ion curves for the 
system: aniline--n-heptane--cyclohexane a t 25°C. 
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Table IP. Experimental Tie- l ine Data for the System: 
Nitroethane (l)—n-octane (2)-"isooctane (3) at 25°C. 
T i e - l i n e Alpha Pha se Compo£ 3 i t i o n Beta Phase Compo 3 i t i o n 
^ 1 ^2 ^ ^ 1 ^2 ^ 
1 . 0.878 0.110 0.012 0.194 0.734 0.072 
2 . 0.856 0.085 0.059 0.210 0.482 0.308 
3 . 0.831 0.061 0.108 0.235 0.307 0.458 
k. 0.79^ 0 . 0 0.206 0.305 0 . 0 0.695 
5. 0-880 0,120 0 . 0 0.190 0.810 0 . 0 
The system: chlorc form--water- •acetone. --The l i q u i d - •liquid, equi Librium 
data at 25° 0. of Reinders and deMinjer (46) were used in t h i s study of 
the ternary system, chloroform - - water - - acetone. The resu l t s of the 
predict ions of the l iquid- l iquid equilibrium for th i s ternary system are 
summarized in Tables 16 and I7 and in Figures l4 and I 5 . The Margules 
three-constant model was used in these predict ions since i t gave the best 
f i t to the data for the binary systems. The constants used in obtaining 
the data of Table 17 were evaluated by the automatic procedures discussed 
in the previous chapter. I t was fe l t tha t the predict ion indicated in 
Table 17, could be improved upon, and, as is discussed in Appendix D, 
the binary data were reevaluated and new parameters were determined. The 
r e s u l t s , shown in Table I6 and Figure l4 were b e t t e r , but the predict ion 
method failed to give a good representation of the ternary data in the 
region of the p l a i t point . I t is noted that the constant D-, for the 
binary system, chloroform-water was a r b i t r a r i l y chosen to cause the Margules 
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Table I 5 . Computed T i e - l i n e Values Using t h e Margules 
Model for t h e System: Ni t roe thane ( l ) - -
n -oc tane ( 2 ) - " i s o o c t a n e (5) a t 25° C. 
I . Values of t h e Constants Used 
A^2 = 0 . 9 7 ^ A = 0 .866 
A -̂L = 1 .15^ A,̂  = 1 .018 
D , , = 0 
^15 = ^ 
^1 = ^ c^ = 0 
q^ = 1.0 ^2 = 1-0 
A ^ ^ ^ O 
S 
\ , = 0 
S =° 
q^ = 1.0 
I I . Computed T i e - l i n e s and A c t i v i t i e s . 
T i e - l i n e Alpha Phase Composition Computed A c t i v i t i e s in 










0 . 1 1 1 
0 .756 
0 . 0 1 0 
0 .054 
0 . 9 1 8 
0 . 9 1 8 
0 .816 
0 .815 
0 . 0 6 8 





0 . 0 5 0 
0 . 2 5 0 
0 , 9 0 8 
0 .909 
0 . 6 1 8 





0 . 0 7 1 
0 . 5 5 7 
0 . 1 0 0 
0 . 4 0 8 
0 .899 
0 . 8 9 7 
0 . 4 1 0 
0 . 4 1 1 
0 . 5 4 1 
0 . 5 4 1 
0 .806 
0 . 2 6 0 
0.0^4-4 
0 .192 
0 . 1 5 0 
0 . 5 4 8 
0 . 8 9 1 
0 . 8 9 1 
0 . 2 5 1 








Figure 13• Experimental and computed liquid-liquid equilibrium using 
the M?a,rgules model for the system: nitroethane--n-octane--
isooctane at 25°C. 
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Table ik. Computed T i e - l i n e Values Using the van Laar 
Model fo r t h e System: Ni t roe thane ( l ) = -
n-oc tane ( 2 ) - - i s o o c t a n e (3) a t 25° Co 
I . Values of t h e Constants Used. 
h2 = °-985 
A = 1.160 
°12 = ° 
=1 = ° 
A = 0 . 8 7 1 A23 = 0 
A j ^ = 1 .031 ^ 2 = ° 
\3 = ° "25 = ° 
Cg = 0 S =° 
II. Computed Tie-lines and Activities. 
1 T i e - l i n e Alpha Pha 
Be ta Phas 
,se Compo 
e Compos 
s i t i o n 
i t i o n 
Computed 
Eac l 
A c t i v i t i e s 
I P h a s e 
i n 




2 " 3 




0 . 0 1 0 
0 . 0 5 0 
0 .916 
0 .916 
0 . 8 1 8 
0 . 8 1 8 
0 .074 
0 .075 








0 . 7 1 1 
0 .715 
0 . 2 0 8 
0 . 2 0 9 
5. 0 . 8 5 9 
0 . 2 5 0 
0 . 0 8 1 
0. i i50 
0 . 0 8 0 
0 . 5 4 0 
0 .905 
0 .905 
0 . 4 8 9 
0 . 4 9 0 
0 . 4 6 4 
0 . 4 6 4 
-k. 0 . 8 2 0 
0.2i^•5 
0 . 0 6 0 
0 . 2 8 7 
0 . 1 2 0 
0 . 4 6 8 
0 .896 
0 .894 
0 . 5 5 4 
0 .555 
0 . 6 0 9 
0 . 6 0 8 
5 . 0 .795 
0 . 2 7 0 
0 . 0 2 7 
0 . 1 1 0 
0 . 1 8 0 
0 . 6 2 0 
0 . 8 8 8 
0 .884 
0 .154 
0 . 1 5 4 
0 . 7 6 0 
0 . 7 5 7 
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equa t ions to follow t h e r e c i p r o c a l l i q u i d composit ion fijnction in t h e manner 
d i scussed for t he b ina ry system^ benzene - - water in Appendix Do The 
r e s u l t s as given in Table l6 a r e good in t h e d i l u t e acetone regions con-
s i d e r i n g t h a t t h i s system i s made up of an extremely immiscible b i n a r y 
p a i r (chloroform -•" wate r ) and a system which shows nega t ive d e v i a t i o n s 
from R a o u l t ' s law (acetone - - chloroform)« A s i n g l e t i e - l i n e was computed 
us ing t h e van Laar model and ano ther using t h e Scatchard-Hamer model. These 
t i e - l i n e s p r ed i c t ed a more n o n - i d e a l system than t h a t p r ed i c t ed by t h e Mar-
gu les model and t h e r e f o r e no f u r t h e r computations were made wi th equa t ions 
o the r than the Margules, 
The system: IDenzene- -wate r - -pyr id ine . - -The t e r n a r y l i q u i d - l i q u i d e q u i l i -
briLim for t h e system^ benzene - -wa te r - -py r id ine has been s tud i ed by Smith 
e t a l . (47) a t s e v e r a l d i f f e r e n t t empe ra tu r e s . In t h i s work^ t h i s system 
was s tud ied t h e o r e t i c a l l y a t 60° C. because t h i s was c lo se t o t h e tempera-
t u r e s for which t h e component b ina ry equ i l i b r i um da ta were a v a i l a b l e . When 
t h e t e r n a r y da ta a r e p l o t t e d in a weight f r a c t i o n b a s i s , i t i s observed 
t h a t t h e s lopes of t h e t i e - l i n e s change in d i r e c t i o n as t h e c o n c e n t r a t i o n 
of p y r i d i n e i n c r e a s e s . Systems e x h i b i t i n g such behav ior a r e c a l l e d " s o l -
u t r o p e s " ( 4 7 ) ' When the da ta were converted to mol f r a c t i o n s , t he s lopes 
of t h e t i e - l i n e s did not change as t h e concen t r a t i on of p y r i d i n e i n c r e a s e d . 
A most s t r i k i n g f e a t u r e of t h i s system i s t h e low f l a t b inoda l 
curve wi th an extremely immiscible b ina ry p a i r such as benzene-water . 
This would i n d i c a t e t h a t t he t e r n a r y system tends toward an i d e a l s o l u t i o n 
ve ry qu i ck ly wi th smal l i nc r ea se s in p y r i d i n e c o n c e n t r a t i o n . This fac t 
would put any approximating funct ion t o a very severe t e s t . The b i n a r y 
system, benzene- -pyr id ine i s almost i d e a l wi th only a s l i g h t p o s i t i v e 
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Table 1,5,, Experimental T i e - l i n e Data fo r t h e System: 
Chloroform ( l ) - - W a t e r (2)-°Acetone (5) a t 2.5° Co 
j T i e - l i n e Alpha Phase Compos i t i o n B e t a Phase Compos i t ion 
! ^ 1 ^2 ^ ^ 1 ^2 "3 
1 . 755 0 . 0 2 9 0 . 2 1 8 OoOOl 0,784 0.015 
2 . 0 . 6 ^ 9 0 . 0 3 7 0 .314 0 .002 0,967 0.031 
5. 0 .563 0 .045 0 .392 0 .002 0.951 0.047 
k. 0 . 5 0 0 0 , 0 5 8 0 .442 0 .002 0.936 0.062 
5« 0 .382 O0O87 0 . 5 3 1 0 .002 0.906 0,092 
6. 0.513 0 . 1 2 1 0 .566 0 .002 0.882 0.116 
7. 0 . 3 0 1 0 . 1 2 7 0 .572 0 .002 0.877 0.121 
8. 0 .265 0 . 1 5 1 0 .584 0 .003 0.863 0.134 
9. 0 . 2 3 9 0 .172 0 . 5 8 9 0 .003 0.845 0.152 
10« 0 . 2 1 1 0 .199 0 . 5 9 0 o,oo4 0.826 0.170 
1 1 . 0 .185 0 .225 0 . 5 9 0 0.005 0.809 0.186 
1 2 . 0 .165 0 ,252 0 .583 0,008 0.786 0.206 
1 5 0 0 . 1 5 7 0 .266 0 . 5 7 7 0.009 0.776 0.214 
1 - 1 4 0 0 .1^3 0 .289 0 . 5 6 8 0.009 0.766 0.225 
1 5 0 0 .123 0 . 3 3 1 0 .546 0,012 0.751 - .237 
1 6 . 0 . 1 1 8 0 . 3 4 1 0 , 5 4 1 0.012 0,742 0.246 
17« 0 .083 0 . 4 3 9 0 , 4 7 8 0.020 0.692 0.288 
1 8 . 0 .064 0 . 4 9 9 0 . 4 3 7 0.028 0.647 0.325 
1 
1 9 . 0 .044 0 .573 0 .383 0.044 0.573 0.383 
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Table l6.. Computed Tie-line Values Using the Margules 
Model for the System: Chloroform:(l)--Water (2)--
Acetone (5) at 25° Co 
I . Values of t h e Constants Used 0 
h2 = 2„86 A^^ = 0.505 • ^23 = 0-64o 
^21 " 1»95 A^^ :. 0.570 ^2 = °- 845 
^12 = 
6.4o D = 0.150 D - 0.620 
^1 = 0 C^ = 0 C - 0 
^1 = l oO ^2 = 1-0 1, = 1 . 0 
I I . Comput ed T i e - l i n e s and A c t i v i t i e s . 
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Computed A c t i v i t 
Each Phase 
: ies in 
^ 1 ^2 ^ ^ 1 ^2 ^5 



























































































































Figure ik. Experimental and computed liquid-liquid equilibrium using 
the Margules model for the system: chloroform--water--
acetone at 25°C. 
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Table I 7 . Computed T i e - l i n e Values Using the Margules 
Model for the System: Chloroform (l)~=Water ( 2 ) " -
Acetone (3) a t 25° C. 
I . Values of the Constants Used, 
A^2 = 2.86 A = "Oo205 A^^ - O0858 
A21 = 1.95 A ^ ^ - 0 , 5 ^ 8 A^2 =̂  0-Q^5 
\ 2 = ^ D = 0 . 1 6 7 D = 0 . 1 4 8 
h = 0 C^ = 0 S ==° 
q^ =: loO q^ = 1.0 q.5 = 1 .0 
II» Computed T i e - l i n e s and A c t i v i t i e s 
T i e - l i n e A lphs P h a s e C o m p o s i t i o n 
Be ta P h a s e Compos i t i on 
Computed A c t i v i t 
Each P h a s e 
i e s i n 









0 . 9 9 0 
0 .046 
0 . 0 5 9 
2 . 0 . 8 6 5 1 
0 .0015 
0 .0149 
0 . 9 9 0 
0 . 1 2 0 
0 . 0 0 8 7 
0 .8575 
0 . 8 4 8 1 




5 . 0 .83^5 
0 .0015 
0 . 0 1 5 7 
0 .9860 
0 . 1 5 0 
0 . 0 1 2 7 
0 .8216 




0 , 0 7 8 0 
h. 0 . 7 8 2 8 
0 .0015 
0 .0172 
0 . 9 8 0 
0 . 2 0 0 
0 . 0 1 8 7 
0 . 7 6 0 1 
0 . 7 6 0 1 
0 . 9 8 0 8 
0 . 9 8 1 7 
0 , 1 2 0 1 
0 . 1 1 5 8 
5 . 0 . 7 5 0 
0 .0015 
0 , 0 1 9 1 
0 .972 
0 . 2 5 0 
0 .0267 
0 . 6 9 6 8 
0 . 6 9 6 8 
0 , 9 7 6 0 
0 ,97^5 
0 . 1 6 1 1 
0 .1586 




0 . 5 0 0 




0 . 9 6 6 8 
0 .2065 
0 ,2055 




0 . 5 5 0 
0 . 0 4 5 7 
0 . 5 6 9 . 
0 .5684 
0 .9554 
0 . 9 5 8 7 
0 . 2 5 5 8 
0 . 2 5 2 9 
1^ 
T a b l e 17o ( C o n t i n u e d ) 
I I . Computed T i e - l i n e s and A c t i v i t i e s 
T i e - l i n e Alpha P h a s e Compos i t i on 
B e t a Phase Compos i t i on 




8. 0 .572 
0 .0013 
0 . 0 2 8 
0.91^-1 
O.i^OO 
0 . 0 5 7 7 
0 .5060 
0 , 5 0 0 7 




9. 0 . 5 7 8 
O.OOli^-
0 .052 
0 . 9 2 ^ 
o.i^-50 
0.071^-6 
0 . H 5 5 
0 . 4 5 0 8 
0,9kl6 
0 , 9 5 7 0 
0 . 5 6 ^ 1 
0 .5686 
1 0 . 0 . i |62 
O.OOli]-
0 . 0 5 8 
0 .909 







0 . i H 7 8 
1 1 . 0 .^05 
0 .0015 
0.0if5 
0 . 8 8 7 
0 . 5 5 0 
0 .115 
0 .5510 




0 , 4 7 8 8 
1 2 . 0 .582 
0 .0015 
o.oi+8 
0 . 8 7 9 
0 . 5 7 0 
0 ,1195 






1 5 - 0 . 5 5 7 
0 .0016 
0 .055 
0 , 8 6 7 
0 . 5 9 0 
0 . 1 5 1 ^ 
0 .2885 
0 ,2289 
0 . 9 0 7 1 
0 , 9 0 2 1 
0 . 5 2 6 7 
0 . 5 2 4 8 
l i^ . 0 . 552 
0 , 0 0 1 7 
0 . 0 5 8 
0 . 8 5 ^ 




0 , 9 0 2 0 
0 ,8955 
0 . 5 5 0 1 
0 .5505 
1 5 . 0 . 5 0 7 
0 , 0 0 1 8 
0 .065 
0.84-0 




0 . 8 8 9 ^ 
0 .8885 
0 . 5 7 5 7 
0 ,5752 
1 6 . 0 .295 
0 . 0 0 1 7 
0 , 0 6 7 
0 . 8 5 9 





0 . 8 8 8 0 
0 .5854 
0 . 5 7 7 ^ 
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0.1 0.2 0.3 0.4 
X32 composition of acetone in water rich phase 
Figure I5. Experimental and computed distribution curves for the system: 
chloroform--water--acetone at 25*'C. 
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d e v i a t i o n from R a o u l t ' s lawo The b ina ry system^ p y r i d i n e - - w a t e r shows a 
p o s i t i v e d e v i a t i o n from R a o u l t ' s law wi th an extreme d e v i a t i o n from i d e a l -
i t y a t low py r id ine concent ra t ionso These b i n a r y systems a r e d i scussed 
in Appendix D, 
The t i e - l i n . e r e s u l t s of t he p r e d i c t i o n us ing the Margules t h r e e -
cons tan t model a r e given in Table I9 and Figure 16c I t was found t h a t 
t h e b inoda l curve dev ia ted cons ide rab ly from the exper imenta l curve and 
p r e d i c t e d a p l a i t po in t a t a much h igher py r i d ine concen t r a t i on than 
ind ica t ed by t h e exper imenta l d a t a . Thus i t was concluded t h a t the Mar-
gules model f a i l e d t o g ive a s a t i s f a c t o r y p r e d i c t i o n of the t e r n a r y d a t a . 
As shown in Figure I 7 , t h e p r e d i c t i o n of t h e d i s t r i b u t i o n curve was f a i r l y 
good in the d i l u t e py r id ine r eg ion , i n d i c a t i n g t h a t t h e s lopes of t h e t i e -
l i n e s corresponded to t h e exper imenta l d a t a . 
Table I 8 . Experimental T i e - l i n e Data for t h e System: 
Benzene ( l ) - -Wate r ( 2 ) - - P y r i d i n e (3) a t 60° C. 
T i e - l i n e Alpha Phase Compos i t ion Beta Phase Compos i t ion 
^ 1 ^2 ^ ^ 1 ^2 ^ 
1 . 0.675 0.086 0.239 0.001 0.969 0.029 
2 . 0.5if2 0.152 0,506 0,002 0.944 0.054 
5 . 0.508 0.164 0.528 0.005 0.905 0,092 
k. 0.475 0,187 0,558 0.012 0.876 0,112 
5- 0.if56 0.218 0.546 0,012 0,856 0,152 
6. O.ifO^ 0.242 0.55^ 0,022 0,808 0,170 
7. 0.574 0,269 0.557 0.055 0,775 0,194 
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Table I9., Computed T i e - l i n e Values Usin.g the Margules 
Model for t h e System: Benzene ( l ) - - W a t e r ( 2 ) " -
Pyr id ine (5) a t 60° C 
^ 2 
= 5 .18 
^ 2 1 
= 1 .95 
"12 
= 6 20 
°1 = 0 
^ 1 = 
1. 0 
I . Va lue s o f t h e C o n s t a n t s Used 
A-̂ ^ = O0O49 A^^ = 0 . 5 7 ^ 
A^^ - 0 .102 A^2 = 1°172 
D^^ = - 0 . 0 2 7 \ ^ = I A 5 5 
C^ = 0 C^ = 0 
q^ = 1.0 q^ = 1.0 
I I . Computed T i e - l i n e s and A c t i v i t i e s 
T i e - l i n e Alpha Phase Compos i t i on 
Be ta Phase Compos i t i on 
Computed A c t i v i t i e s 
Each P h a s e 
i n 
^ 1 ^2 ^ ^ 
a 
2 "5 
1 . 0 .765 
0 . 0 0 0 7 
0 . 0 5 7 
0 .979 
0 . 2 0 0 
0 .0205 
0 .794 
0 . 8 0 0 
0 .985 
0 .982 
0 . 2 1 8 
0 .222 
2 . 0.70^) 
0 . 0 0 0 7 
0 .044 
0 .975 
0 . 2 5 0 
0 .0265 
0 . 7 4 8 
0 .745 
0 .984 
0 . 9 7 8 
0 .265 
0 .266 
5. 0 .584 
0 . 0 0 0 8 
0 .086 
0 . 9 0 8 
0 . 5 5 0 




0 . 9 8 0 
0 . 2 9 7 
0 .285 
The s y s t e m : benzene -- " w a t e r ~ - e t h a n o l . - - T h e l i q u i d - l i q u i d e q u i l i b r i a f o r 
t h e t e r n a r y system_, b e n z e n e - - w a t e r - - e t h a n o l was s t u d i e d b y V a r t e r e s s i a n 
and Fenske ( 4 8 ) ^ B a n c r o f t and Hubbard (49 )^ and Barbaudy (50 ) t o name a 
few of many i n v e s t i g a t o r s o f t h i s t e r n a r y s y s t e m . The d a t a o f B a n c r o f t 
and Hubbard ( 4 9 ) we re used f o r t h e compar i son of t h e p r e d i c t e d r e s u l t s 





Figure l6. Experimental and computed liquid-liquid equilibrium using 
the Margules model for the system: benzene—water--





























0.05 0.10 0.15 0.20 
X32 composition of pyridine in water rich phase 
Figure 17• Experimental and computed distribution curves for the system; 
benzene--water--pyridine at 60°C. 
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some typographical e r ro r s . I t was noted_, however^ that there was consid-
erable disagreement in the l i t e r a t u r e as to l iquid- l iquid equilibrium 
data^ and there is some question in th i s author ' s mind as to the r e l i a -
b i l i t y of the experimental data« The resul t s of the predictions of the 
t i e - l i n e s were poor in the regions of subs tant ia l ethanol concentration. 
For th i s system_, the computed d i s t r ibu t ion curves agreed with the experi-
mentally determined d i s t r ibu t ion curves only in the d i lu te ethanol regions 
These resul ts are com.parable to those obtained for the system benzene--
water--pyridine. 
Table 20, Experimental Tie- l ine Data for the System: 
Benzene (l)--Water (2)--Ethanol (3) at 25° C. 
T i e - l i n e Alpha P h a s e Compos i t i on Beta Phase Compos i t ion 
^ 1 ^2 ^ • ^ 1 ^2 "5 
1 . 0 .986 0 .004 0.010 0.000 0.961 0.058 
2 . 0 . 9 5 8 0 . 0 0 8 0.055 0.000 0.920 0.079 
5. 0 . 9 2 1 0 . 0 2 1 0.058 0.001 0.869 0.129 
4. 0 .855 0 .056 0.129 0.010 0.755 0.255 
5. 0 . 8 2 7 o.o4o 0.155 0.011 0.748 0.241 
6. 0 .789 0.050 0.161 0.018 0.705 0.279 
7. 0 .746 0.064 0.189 0.054 0.649 0.517 
8. 0 . 6 9 8 0.077 0,225 0.054 0.591 0.555 
9. 0 .656 0.102 0.262 0.096 0.510 0.594 
10 c 0 . 5 8 1 0.126 0.295 0.155 0.456 0.411 
1 1 . 0 .505 0.166 0.551 0.211 0.572 0.418 
Table 21.. Computed T i e - l i n e Values Using the Margules 
Model for t he System: Benzene ( l ) - -Wate r ( 2 ) - -
Ethanol (5) a t 25° C, 
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I . Values of the Constants Used, 
\ 2 = 3 ko 
^ 2 1 
= 2< 06 
\ 2 = 
0 GO 
°1 = 0 
1 l = 
1. 0 
A^̂  = 0.725 
S: - 1,030 
D^^ = Oo540 
C, = 0 
^2 = I 'O 
^3-
0.580 
^ 2 = 0.695 
^23 = 
0.104 
s = 0 
s = 1 .0 
I I . Computed T i e - l i n e s and A c t i v i t i e s . 
T i e - l i n e 
1 . 
Alpha Phase Composition 


























































Computed A c t i v i t 
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Nitromethane-"n-heptane""benzene. - -The t e r n a r y l i q u i d system ni t romethane-• 
n-heptane--benzene^ was s tud ied by Kimura* et_ al« {h-k) a t 50° C. and by 
F ranc i s (^5) a t 25° C. The l a t t e r i n v e s t i g a t o r did not p resen t any t i e -
l i n e d a t a . The p r e d i c t i o n of t h e t e r n a r y equ i l i b r ium i s compared wi th 
t h e exper imental da ta in Figure l 8 using the van Laar model. The p r e d i c -
t i o n i s s a t i s f a c t o r y in reg ions d i l u t e in benzene^ but becomes poor in t h e 
reg ion of t h e p l a i t p o i n t . S imi la r r e s u l t s were obta ined for t h e Margules 
model but a r e not shown h e r e . 
Table 22 . Experimental T i e - l i n e Data for t h e System: 
Nitromethane ( l ) — n - h e p t a n e (2)--Benzene (5) a t 50° C. 
T i e - l i n e Alpha Phase Compos i t ion Beta Pha se Compos i t i o n 
^1 ^2 ^ ^1 ^2 "3 
1. 0.949 0.021 0.050 0.057 0.866 0.076 
2 . 0.9^2 0.022 0,056 0.057 0.855 0.091 
3 . 0.934 0.023 0.043 0.062 0.817 0.121 
k. 0.904 0.026 0.069 0.071 0.774 0.155 
5. 0.898 0.027 0.075 0.081 0.734 0.185 
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Table 2 3 ' Computed T i e - l i n e Values Using the van Laar 
Model for t h e System: Nitromethane ( l ) - -
n-heptane (5)--Benzene (5) a t 30° C. 
lo Values of t h e Constants Used 
A^2 = 1-^51 
^21 " ^'^^^ 
D. 
12 
^1 = ° 
A^^ = 0.556 
A^l = 0«535 
D ^ 3 = 0 
'2 = ° 
A^^ = 0.241 
A ,̂ 0.127 
"25 = ° 
II. Computed Tie-lines and Activities. 
Tie-line Alpha Phase Com.position 
Beta Phase Composition 
Computed Activities in 
Each Phase 












































































Figure l8, Experimental and computed liquid-liquid equilibrium using 
the V£in Laar mcdel for the system: nitromethane--n-heptane--























/ ^ EXPE RIMENT AL 
0.1 0.2 0.3 0.4 
X j ^ concentration of benzene in nitromethane rich phase 
0.5 
Figure 19- Experimental and computed distribution curves for the system: 
nitromethane--n-heptane—benzene at 30°C. 
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The system: decyl alcohol--n.itroinethane-°ethylene glycolo -"-The ternary 
system^ decyl alcohol-~nitromethane'"--ethylene glycol^ consisting of three 
separate binodal curves was studied by Francis (5I) a t various tempera-
t u r e s . Vapor-liquid equilibrium, were not avai lable for any of the compo-
nent binary systemso Since each of the binary mixtures were p a r t i a l l y 
miscible^, the parameters to the two-constant standaixi equations were com-
puted from the mutual so lub i l i t y at 26° Co and are given in Appendix Do 
This phase of the invest igat ion was undertaken to ascer ta in whether 
a ternary empirical model was capable of predicting a free energy surface 
of such complexity as exis ts in a system composed of three binodal curves. 
As can be seen from, the experimental data in Figure 20^ the binodal curves 
are not symmetric and are of different s i ze s . The computations are sum-
marized in Table 2^. The resu l t s indicate that a model is capable of 
predict ing three binodal curves,, although the prediction in t h i s case 
was very poor. Some d i f f i cu l ty was encountered in the region r ich in 
nitromethane where two of the binodal curves come close together . The 
calculat ions almost indicate an overlapping of binodal curves^ a s i t u a -
t ion which is physical ly impossible. 
a? 
Table 24. Computed T i e - l i n e Values Using the van Laar 
Model fo r t h e System: Decyl Alcohol ( l ) - ° 
Nitromethane (2)—Ethylene Glycol (5) a t 26° C. 
I . Va lues o f t h e Cons )tant:S Used . 
A ^ = 1.696 A =- 1 ,667 A23 = 0 , 7 8 8 
A g , = 0 .914 A 3 , = 0 . 5 9 7 A32 - 1-508 
v = ° D ^ ^ . O D ^ = 0 25 
C^ = 0 C^ = 0 C = 0 
I I . Computed T i e - l i n e s and A c t i v i t i e s 
T i e " l i n e Alpha Phase Compo 
Beta Phase Compos 
s i t i o n 
i t ion 
Computed A c t i v i t 
Each Phase 
i e s in 
^ 1 ^2 ^ ^ 1 ^2 "5 


























































































Figure 20. Experimental and computed liquid-liquid equilibrium using 
the van Laar model for the system: decyl alcohol--nitro-
methane--ethylene glycol at 26°C. 
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PART I I . THE TREATMENT OF BINARY VAPOR-LIQUID EQUILIBRIUM DATA 
I t i s t he purpose o f t h i s p a r t to p resen t a technique fo r t h e 
t r ea tment of b ina ry v a p o r - l i q u i d equ i l ih r ium da ta using d i g i t a l computing 
equipments The o b j e c t i v e s o f t h i s t r ea tmen t w i l l be t o provide some 
mathematical f unc t ions , s p e c i f i c a l l y polynomials , which w i l l r e p r e s e n t 
t h e exper imental da ta in t h e bes t p o s s i b l e manner, and secondly to p r o -
v ide a p r e c i s e method fo r de termining t h e v a l i d i t y of t he d a t a . The 
meaning of t h e phrase "o .o the v a l i d i t y of t h e d a t a , " in terms of thermo-
dynamic cons i s t ency w i l l be d i scussed in Chapter V. The technique and 
t h e r e l a t i o n s involved in ob ta in ing a mathematical r e p r e s e n t a t i o n of t he 
da t a w i l l a l s o be developed in t h i s chap t e r . The a p p l i c a t i o n t o thermo-
dynamic cons i s t ency w i l l be presented along wi th a d i s c u s s i o n of what i s 
meant by ob t a in ing the bes t r e p r e s e n t a t i o n of exper imenta l d a t a . Chapter 
VI w i l l conclude t h i s p a r t wi th a d i s c u s s i o n of some of t h e r e s u l t s of 
using t h i s technique on s p e c i f i c b ina ry systems. The computations for 
t h e b ina ry system., e thanol-benzene a r e p resen ted in d e t a i l in Appendix C 
t o demonstrate t h e t e chn ique . 
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CHAPTER y 
THERMODMAMIC CONSISTENCY OF VAPOR-LIQUID 
EQUILIBRIUM DATA 
Once experimental vapor-liquid data are obtained, it is desirable 
that some means of examining the validity of the observed data be employed. 
Equilibrium measurements are always subject to errors depending on the 
apparatus and the accuracy of the measurements. If the data are graphi-
cally depicted^ large random errors are easily found as they usually show 
up as deviations from a smooth curve. The majority of the data presented 
in the literature have already been smoothed and these random errors have 
been eliminated,, It has been pointed out (52) that the random errors are 
especially apparent on a plot showing the difference of the mole fractions 
in the vapor and liquid phase (y-x) versus the composition of the liquid 
(x). 
The smootlriness of the curve_, however, is not a guarantee of the 
reliability of the data, since the experiment can be conducted in such a 
manner as to introduce a systematic error which does not show up as a 
scattering of the measured points. These systematic errors are usually 
caused by improper functioning of the equipment. Only by comparison with 
some thermodynamically exact relations, can the consistency of measured 
data be checked. The Gibbs-Duhem equation, (equation (8)) being a neces-
sary and sufficient relation between the partial molar properties of the 
components in a mixture, is generally used to test the experim.ental mea-
surements for thermodynamic consistency. This test is applied in several 
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different ways depending upon t h e var ia t ion in, the GibTDS-Duhem equation 
used. 
The t e s t of thermodynamic consistency favored by many authors 
appears to be a graphical integrat ion of the difference of the excess 
chemical potent ia ls or a c t i v i t y coefficients (55)^ (5^)" The use of 
graphical integrat ion can lead to serious errors i f the invest igator is 
not careful. The values of the integrand become indeterminate in the 
d i lu t e region and may fluctuate enough to s igni f icant ly affect the value, 
of the integralo Another aspect to the use of the area test^ as t h i s 
method is commonly cal led, is to represent each of the excess chemical 
potent ia ls by some functions of the l iquid compositions. One may then 
evaluate the in tegra l and find i t to be zero and yet the Gibbs-Duhem 
equation is not sa t i s f i ed . The reason for t h i s can eas i ly be seen i f the 
excess free energy function is determined; then computing the p a r t i a l 
devivative with respect to one of the moles wi l l not give back the or ig ina l 
excess chemical potent ia l function. This occurs when one f i t s each of the 
excess chemical potent ia ls with a polynomial of different degree. Thus the 
area t e s t is only a necessary condition for thermodynamic consistency but 
the Gibbs-Duhem equation is both necessary and suf f ic ien t . The main dif-
f i cu l ty in the use of these re la t ions is in the accuracy with which one 
can compute the pairtial molal quan t i t i e s . 
There are many instances where the conditions of the equilibrium 
experiment have been ignored in t e s t ing the data for thermodynamic con-
sis tency. Equation (8) is very often used without any ju s t i f i ca t ion even 
though i t is impossible to conduct a vapor-liquid equilibrium experiment 
under both isothe2:'mal and isobaric conditions simultaneously. Examination 
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of equat ion (7) shows t h e terms which a re neglected, , 
I f one cons iders a v a p o r - l i q u i d equ i l i b r ium experiment t o be c a r r i e d 
out under i s o b a r i c cond i t ions then equat ion {66) would be t h e r e l a t i o n 
requ i red for t he d e t e n n i n a t i o n of t h e cons i s t ency of t he d a t a . 
1̂ {-^] -̂  -2 l&T-) ^ ̂  fi^l = ° (̂ )̂ 
As seen from equat ion {66), heat of mixing da ta would be requ i red in con-
junc t ion wi th i s o b a r i c v a p o r - l i q u i d equ i l i b r i um d a t a i f t h e l a t t e r da t a 
were to be t e s t e d for thermodynamic cons i s t ency . The c o n t r i b u t i o n of t h e 
term conta in ing the heat of mixing has been shown t o be s i g n i f i c a n t when 
compared to t h e o the r terms (55) and thus cannot be n e g l e c t e d . 
With regard to the examination of t h e v a l i d i t y of b i n a r y i s o b a r i c 
v a p o r - l i q u i d equ i l i b r ium da ta fo r t h e systems considered in t h i s work, 
i t was decided to recommend t h i s as an a rea for f u r t h e r s tudy inasmuch 
as heat of mixing da ta were not r e a d i l y a v a i l a b l e for t h e s e p a r t i c u l a r 
b i n a r y systems. Thus b i n a r y i s o b a r i c da ta were not examined for thermo-
dynamic cons i s t ency . 
The Gibbs-Duhem equat ion for an i so thermal b i n a r y System c a n ; n 
be w r i t t e n as fo l lows . 
r^i ' 
1 \dx 
i ^ ^ ^ l 
+ Xg l ^ : : ^ ! -Av-^ 1 ^ I = 0 (67) 
For the pressure and temperature ranges of the systems studied, the vol-
ume term, Av dp/dx, is small when compared to the other terms of equation 
(67) and can usus,lly be neglected (56). This is not true for systems 
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where t h e e x c e s s f r e e e n e r g y o f t h e m i x t u r e i s s m a l l and t h u s t h e m a g n i -
t u d e of t h e volume t e r m becomes comparab l e t o t h e o t h e r t e r m s . For n o n -
i d e a l m i s c i b l e b i n a r y s y s t e m s ^ e x h i b i t i n g \ : a z , e ® t r o p e s and where t h e e x c e s s 
f r e e e n e r g y i s l a r g e , t h e volume t e r m i s n e g l i g i b l e . Appendix C d i s c u s s e s 
t h e c o n t r i b u t i o n of t h i s t e r m f o r t h e s y s t e m , e t h a n o l - - b e n z e n e a t k-^° C. 
For s u b s e q u e n t d i s c u s s i o n s o f t h e t r e a t m e n t o f b i n a r y s y s t e m s , wh ich a r e 
c o n s i d e r e d i n t h i s work , t h e volume t e r m w i l l be n e g l e c t e d . E q u a t i o n 
(68) r e p r e s e n t s t h e form o f t h e Gibbs-Duhem e q u a t i o n f o r a b i n a r y s y s t e m 







=: 0 (68) 
T 
Equations (69)^ (70)^ a-̂ ^ ( ? ! ) a r e t h i s a u t h o r ' s r e p r e s e n t a t i o n of 
t h e Gibbs-Duhem equat ion in tenns of t h e exper imenta l ly determined quant i -
t i e s . Equations (69) and (70) a^e obta ined by p a r t i a l d i f f e r e n t i a t i o n of 
equat ions (5 l ) and (52) wi th r e spec t to t h e mole f r a c t i o n of component 
one of a b i n a r y system holding t h e tempera ture t o be c o n s t a n t . 
'̂ l-i. 
Ê  r 
1 ^ x . V 
RTx ">| , p 
-̂ M B , , - v , ^ ) x + R v ^ x 1^^ 
RTx 
1 
11 ' 1 ' " 1 12' '2 1 dx 
y 
- 2R, Py^x , 
V, y i 12 -"2 1 dx 




RTx, • > 
+ (B^^ - V ° ) x ^ + R^^y^^x^ 





RTx̂  dj£ 
y^ dx^ 
"̂ 2 V 
+ RT (70) 
9h 
Substitution of equations (69) and {"JO) into equation (68) gives;, 
/• 
RT 
• ~ \ 
T * (\i - ̂ 1 )-i ̂  (̂ 22 - "2 '"2 ̂  ^12(^2^^! ̂  ^1 "2' 
/* 
"̂ ' ^ ^ 1 " ̂ "12^^^ 
> 
j ^ ' ) - ^ ! ^1^ 
dP, 
dy. 
- 0 (71) 
Equation (7I) is the same as an equation derived by Scatchard (57) but 





RT f l ^ \ l ° V ^ -̂  ^2^^22 " ^2°^ ^ ^ 1 2 ^ y p " ^2^1 ^ ^ ^ 2 ^ 
^ • ^ 2R^2V2 
(75) 
Equation (71) 'will form the basis for all computations of isothermal 
binary systems. The method of using equation (7I) 'will now be developed. 
Mathematical representation of binary vapor-liquid equilibrium data,--
It is the purpose of this section to present a technique for the char-
acterization of binary equilibrium data using digital computers. It is 
hoped that this can be a standard process for all equilibrium measure-
ments,, inasmuch as human bias would be eliminated. Since experimental data 
yield a set of discrete points usually unequally spaced;, with each measure-
ment having some error associated with it;, the problem to be solved is how 
these data can best be described in a mathematical sense. Jost and Roeck 
(58) have implied that by the use of Vettin's discontinuous orthogonal 
95 
polynomials the problem stated is solved, but this is not really so, for 
their method requires equally spaced equilibrium measurements. Obtaining 
equally spaced equilibrium measurements is a very difficult procedure. 
The method presented in this section uses orthogonal polynomials for which 
unequally spaced data points can be used. 
The applicsition of orthogonal polynomials to the general problem 
of fitting experimental data is certainly not new. It is the objective 
of this immediate discussion to describe a method for the application 
of orthogonal pol5n.omials to the treatment of isothermal vapor=liquid 
equilibrium data emd to bring in the concept of thermodynamic consistency 
to find the best degree of fitting polynomials to use on a given set of 
data. 
The most difficult part of the problem is to derive a scheme for the 
adequate functional representation of a discrete set of data points subject 
to experimental error. In a sense, the upper bound on the error should at 
least duplicate the results obtained by a graphical plotting procedure. 
Let (x., f.) i =; 1, ..., m. be a set of m pairs of real numbers, 
where f. is an experimental observation corresponding to the value x,. 
The problem is to find, among all polynomials of degree k, that polynomial 
which best fits the set of points (x., f.) in some prescribed sense. 
/ s ^ (k) _ (k) _, (k) k /̂ , X 
y, (x) = P ^ ^ + P, ̂  ^ x + ... + P/ ^ X (74) 
•̂ k̂  '̂  o 1 k ^ ' 
The sense prescribed here w i l l be roughly that y, (x . ) - f. is small for 
k 1 1 
each i = 1, ,.. , m, and there are many ways to accomplish this. 
For a graphical depiction one makes the statement that fitting the 
data means drawing a smooth curve through the data points. Examining this 
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statement in detail, one immediately notices a contradiction, in that, 
since the data are subject to experimental errors due to vagaries of the 
measuring instruments_, etc., it might not he possible to construct a 
smooth curve through the data points= In such cases, one uses a curve 
which is best by some definition to be discussed belowo And secondly, 
since one does not have geometric points, the phrase "through the points** 
would simply mean that the difference y, (x.) - f. is less than the thick-
ness of the drawing instrument one is using, but most certainly not equal 
to zero. Thus there is hope that a graphical procedure can be duplicated 
on the computer. 
If the degree of the polynomial is greater than the number of 
points, then the parameters. P., would be selected in such a manner as 
to make the polynomial y (x) pass through each point (x., f.). However, 
k i 1 
the usual problem is one in which the degree of the polynomial is less 
than the number of points, resulting in the fact that the y (x.) - f, 
cannot all be made zero simultaneously. 
If one defines the m numbers, e. = y, (x). - f., to be the m compo-
nents of an error vector, then the problem of best fitting a curve cor-
responds to the selection of a nonn | |ej j for the vector e. A most 
commonly used norm in these cases is the Euclidean norm. 
2 . . 2 
1/2 
lie II = (e^^.- e^^^ ... + e^^) (75) 
since it is usually assumed that the observed values, f., are subject to 
independent normally distributed errors about their trend, and hence the 
use of this norm is demanded by regression theory (59)'' The precise formu-
(k) 
lation of our problem is that of finding values of the parameters P ^ , 
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P / ^ ^ . . , , P, ^^^ so t h a t 1 -̂  ' k 
jje 11 =; minimuirio (76) 
In a l e a s t squares f i t t i n g problem where a polynomial i s being 
f i t t e d to a s e t of da ta po in t s^ the r e s u l t i n g s e t of l i n e a r e q u a t i o n s , 
c a l l e d noraial equat ions _, g ives good r e s u l t s for varying degrees of po ly -
nomials up t o 5 or 6 . 
When t h e degree of t he f i t t i n g polynomial., k, i s g r e a t e r than 7 o^ 
8, Forsythe (59) tias shown t h a t the c o e f f i c i e n t mat r ix of t h e normal equa-
t i o n s roioghly approximates something l i k e m t imes t h e p r i n c i p a l minor of 
o rde r k + 1 of t he i n f i n i t e H i l b e r t ma t r i x , H. Furthermore, i t has been 
observed t h a t systems of l i n e a r equat ions involving minors of H a r e very-
d i f f i c u l t t o s o l v e . For k = 9^ ^^^ example, t h e o rder of t h e p r i n c i p a l 
-1 12 
minor H-, ^ i s 10 smd t h e inverse H, „ has elements of magnitude 5 x 10 
Thus a s l i g h t e r r o r of 10 in t he cons tan t tenii of t h e c o e f f i c i e n t 
mat r ix w i l l lead t o e r r o r s of approximately 500 in t h e P. corresponding 
t o the s o l u t i o n of t h e normal equa t ions . 
In using or thogonal polynomials t o bes t f i t the da ta va lues f,, t h e 
fol lowing form i s used: 
Y^M == C^^^^t^ (X) + C^^^^ t ^ ( x ) 4- . . . 4- C^^^^ t ^ ( x ) (77) 
The development of the normal equations follows the usual procedure, 
m k 




Introducing the following abbreviations: 
m m 
a. . = V t,(x.)t.(x.) b^ == V f.t̂ , U-) (79) 
i=l i-1 
we write the set of normal equations 
(k) (k) 
a c ^ ^ + , . , + a,c, ̂ ^ = b oo o ok k o 
W (k) 
a, c ^ + .o» + a, , c, ̂  ^ = b, 
ko o kk k k 
(80) 
(k) 
which determine the c. uniquely provided the matrix of coefficients 
(a ) is nonsingular. Now for the set of normal equations to be easily 
solvable for large values of k̂  it is sufficient to make the diagonal 
elements a., much larger than the off-diagonal elements a, .(i ̂^ j). There 
11 ° ° ij ' 
are many methods for accomplishing this. 
The method which we shall use is to have our polynomials t,(x) 
orthogonal over the point set x.^ ... x according to the development by 
Forsythe (59)« 
m 
a . = V ^ (̂ •) ^•(^•) = 0 ^ 7̂  J (81) 
nj ) n ' 1 j' 1 
i=l 
This equation^ when used in conjunction with {^Q), gives a set of normal 
equations of the following simple form: 
a c ^ ^ = b 
oo o o 
-11^1^'^ :^^i ^^2) 
(k) " * ' 
^11 ^1 = b. kk k k 
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Ck^ Thus we see that the coefficient c.̂  '' depends only on i and the number of 
points used_, but not on the degree ko Furt,hermorê  the normal equations 
are very easy to solve. 
The orthogonal polynomials are generated by the following rela-
t ions: 
t^(x) = 1 (85a) 
t^(x) - X t^(x) - Q:̂ t̂ (x) (85b) 
t^{x) = (x- a^) t^(x) " P^t^(x) (85c) 
^i+l(^) = (x " ̂ i+i) ̂ i(^) - ̂ i^i-i^^) (S5) 
where CC. and 6 . a r e numbers c h o s e n t o make t h e o r t h o g o n a l i t y r e l a t i o n s 
1 1 
h o l d . 
B r i e f l y t h e f o l l o w i n g scheme a s o u t l i n e d i n r e f e r e n c e (59 ) i s u sed 
1 . Compute b . = ( f , t ^ ^ ^ ) 
2 . Compute c . - h./a.. (a - m) 
^ 1 1 1 1 ^ OO 
5 . Compute a_j_^^ = ( x , t ^ ) / a ^ ^ 
ko Compute V e c t o r t . , , = (x - a . , ) t . - p . t . , (P = O) 
^ 1+1 ^ 1+1 1 1 1-1 ^ o 
5 . Compute a . , . _ - ( t . . , t . , - , ) 
^ ^ 1+1^1+1 ^ 1 + 1 ' 1+1 
60 I n c r e a s e i t o i + 1 
7 . Compute p , = a . . / s - • _-! • _-] 
I, J L _ L - L a J _ J -
8 . Go t o s t e p 1 . 
This gives values of c , c _, ... _, a ^ OC , , „ . , ^ , 6 ..c which 












e . g . . 
1 i j 
1=0 
.̂• i + l . j / 
q . . -, - CC. -,q . . -
^ 1 , 0 - 1 i + l ^ i j i ^ i - l , j 
> for 
i + 1 > j 
i + 1 = j 
i + 1 < j o r 
j < 0 
At t h i s s t age a choice can be made as t o whether t o compute t h e 
p red i c t ed va lues from t h e polynomial approximation given by equat ion {"jk)j 
or from the va lues of t he computed parameters c ^ c , . . . ^ OL , a . . . . , 
^ , ^ , . . . in t he s e t of r e c u r s i v e r e l a t i o n s g iven by equat ion (85 ) . 
While t o an eng ineer , t he polynomial form may be more a e s t h e t i c , t h i s 
a u t h o r ' s exper ience has forced him t o concur wi th Forsythe in t he use of 
t h e l a t t e r technic[ue. I f one uses s i n g l e p r e c i s i o n f l o a t i n g p o i n t a r i t h -
metic ( e igh t s i g n i f i c a n t d i g i t s wi th two d i g i t s fo r an exponent ) , i t has 
been found t h a t round-off e r r o r reduced t h e number of s i g n i f i c a n t d i g i t s 
t o one or l e s s , when a high degree of t h e polynomial form given by equa-
t i o n {"jH-) was used. As the degree of t h e polynomial i n c r e a s e s , t he param-
e t e r s P . , ge t extremely l a r g e wi th a ne t e f fec t of l o s s of s i g n i f i c a n t 
f i g u r e s . 
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In this treatment of binary vapor-liquid equilibrium data^ two 
separate polynomial fits are obtained which are given by sets of values 
of c ; c . , o,, GL , a , ooo P ^ , c.o First the vapor compositions 
are fitted in terms of liquid compositions and then the total pressures 
are fitted in terms of the liquid compositions. In both sets of data_, 
the values of the abscissas are the same and hence the values of the 
en's and p's will be the same since they are only functions of the inde-
pendent variables., Since this method affords the use of high degrees of 
polynomials, the experimental data can be fitted as close as one desires. 
Thus one can genei'ate as many Interpolated values of the data as Is de-
sired,, In an isothermal equilibrium experiment_, the experimental data 
are (l) the total pressure on the system, P, and (2) the composition of 
the vapor, y, both determined at specific liquid compositions. 
The currently used technique is to compute the excess chemical 
potentials (or activity coefficients) directly from the experimental data 
in terms of the liquid compositions. These values are then fitted by 
some polynomial or used in an area test for thermodynamic consistency. 
The major difficulty with this technique is that the end values of the 
excess chemical potentials are indeterminate. 
The proposed method differs from the currently used technique in 
that the experimental data are fitted by the orthogonal polynomials which 
are used to generate many interpolated values of pseudo-experimental 
points. It is these interpolated values which are used to compute the 
excess chemical potentials. The advantages of this method are as fol-
lows : 
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1. It makes use of the impartial and standard techniques of 
least squares and orthogonal polynomials for fitting of data 
with functions of a very general class whose convergence in 
norm to the required function is assured by Weierstrass' 
approximation theorem, 
2. This method circumvents the problem of the indeterminacy of 
the excess chemical potential functions at the end points. 
5. This method makes use of the necessary and sufficient cri-
terion for thennodynamic consistency^ as will be shown below, 
while the currently used technique uses the necessary condition. 
k. There is a liberalization of data points (by the pseudo-experi-
mental points) in oMer to make various tests possible, 
5. There is a minimization of computational error by the use of 
orthogonal polynomials without any loss of applicability of 
method. 
6. The use of orthogonal polynomials for fitting the data by 
higher degree polynomials requires only the computation of 
the coefficients of the highest degree terms. 
On functional approximations of experimental data.--In the analysis of 
experimental data, there are several questions which should be resolved. 
The term "experimental data" will denote a recorded observation of some 
physical phenomenon under specified and controlled conditions. If the 
experiment is to be repeated with the same specified conditions_, then it 
becomes apparent that the previous observations will only be reproducible 
within some specified 2range of measurement. This is then called the exper-
imental error. Now_, the analysis of experimental data requires a mathematical 
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study of the totality of these measurements which are thought to be a 
description of the real physical system under consideration. How then can 
this real system be best described in a mathematical sense? This question 
can be broken down to the following questions: How accurate are the mea-
surements when judged from the experimental data themselves? Does a func-
tional relation appear to exist between the variables? If the data appear 
to be functionally related, then what representations would be the best to 
use according to a yet-to-be specified criterion? How arbitrary can the 
fitting equation be and still give rise to like data? Can the fitting 
equation be used to predict future values, and with what degree of assur-
ance? 
Any successful numerical analysis of data demands a careful choice 
of the underlying mathematical model. If the data are forced into a model 
which is too simplified, the results obtained are meaningless; if the 
model is sufficiently descriptive to represent exactly the bounds of the 
experimental parameters, it often becomes too cumbersome to yield any 
information. Ideally it is desirable that the mathematical model contain 
fundamental bases that are deducible from certain basic universal laws. 
However, it is all too often that the fundamental laws are bound tightly 
in an insoluble equation, or they are not mathemLatically representable. 
In order to circumvent this lack of a fundamental uaderstanding, empirical 
models are offered as panaceas for many engineering problems. It must be 
realized that as long as this lack of knowledge exists, empirical models 
are better than nothing at all. 
In this research concerning the effects produced by the intermixing 
of two or more molecular species in different states of aggregation, it 
lOif 
would be well to note that the fundamental physical laws are_, as yet, not 
completely understood. Hence all postulated models concerning this research 
are concerned with the characterization of the state of the system rather 
than with the extrapolation of the states of systems of different molecu-
lar species. The best that our empirical model can hope to accomplish 
would be to say that a type of molecular interaction producing a certain 
effect in the characterization of the data would manifest itself wherever 
this type of molecular interaction was present--independent of molecular 
species. The true answer to the problem lies in the fundamental study of 
the forces of the molecules. 
With this discussion in mind we shall now examine the question of 
analysis of the data of a particular type of an experiment. The experiment 
is a study of the equilibrium relationships between the composition of a 
vapor in contact with a liquid at some observed temperature and pressure 
for a mixture of two molecular species. It often occurs that data which 
are utterly worthless get published in the literature. This is because, 
as yet, there is no precise method of evaluating the data. 
The problem of data analysis will now be examined in the specific 
case of the data of Scatchard and Raymond (57)» An equilibrium experi-
ment was conducted at a reported temperature of 5^*97° C. (6o) on the sys-
tem ethanol--chloroform. By techniques previously discussed, both the 
vapor compositions and total pressures, given in terms of liquid composi-
tions for twenty-eight data points were fitted by orthogonal polynomials 
of degrees two through 25* It was observed that as the degree of the 
polynomials increased, the sums of the squares of the residuals decreased. 
Initially it was (perhaps naively) decided to use as the criterion for 
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ascertaining the degree of the best f i t t i n g polynomial^ the case where the 
lowest degree pol;>TLOinial could "be generated such that the residuals a t 
each observed datum would be approxin.etely within the estimated experi-
mental tolerances.. Thus the t o t a l pressure data were f i t t ed by a poly-
nomial of degree twenty with the sums of squares of residuals equal to 0.95 
and no residual greater than 0.55 2]m» Hg» The vapor composition data were 
f i t t ed by a polynomial of degree twenty-two, with a sums of squares of 
residuals equal to 0.00000088 and the maxim.um residual being 0.00057* 
Subsequent computations with these f i t t i n g polynomials involving 
the use of the excess chemical potent ia ls in the Gibbs-Duhem equation gave 
very poor resu l t s in tenns of thermodynamic consistency. In tu i t i ve ly , 
i t was fe l t that something was not r i gh t , for t h i s study was reported in 
considerable d e t a i l as to reproducibi l i ty of r e s u l t s , the nature of the 
temperature control , pur i ty of substance used, e t c . 
At t h i s point i t should, perhaps, be noted that the following s t a t e -
ment concerning the conduct of the experiment was made by the experimenters 
(61): 
. . . t h e temperature may be reproduced to 0.001° and the pres -
sure may be measured to 0.01 mm. Hg. In favorable cases the 
compositions of the l iquids in the inner bo i le r and in the 
condensate t rap may be determined to less than 0 .1^ . However, 
the equilibrium compositions, temperature and pressure can 
cer ta in ly not be determined to th i s order of accuracy. Only 
a careful study of several systems can show how accurately the 
equilibrium propert ies may be determined by t h i s method. 
The following quotation is also pert inent to the study of t h i s par-
t i c u l a r system: ^*Fluctuations in the pressure due to the boil ing were 
not greater than 0.02 mm." (57)-
Examination of the various t o t a l pressure data polynomial f i t s 
revealed that for degrees less than seventeen the maximum of the residuals 
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was greater than one millimeter of mercuryc This would indicate that 
the total pressure data were not smootho In the case of equilibrium, 
experiments^ the total pressure measurement is indeed very prone to 
errors^ inasmuch as it is greatly affected "by the slightest change in 
temperature for this system^ It was noted that the pressure differential 
over the entire composition range was approximately ^00 mm., Hg. 
The vapor composition data, on the other hand, graphically dis-
played no anomalies. Fits of the vapor composition data yielded values 
of the sums of squares of residuals which decreased very slowly for degrees 
six and higher of the fitting polynomials. Thus it was felt that the fit 
of the total pressure data was more sensitive to the further computations 
that were made. 
Hence, it was decided to re-examine the entire question of ascertain-
ing a criterion for a polynomial fit with regard to published experimental 
data. A plot of experimental total pressure observations immediately 
revealed what might be called deviations from smooth data. Another way 
of stating this would be to say that it was observed that the data were 
not representable by a function whose first derivative would change grad-
ually. These viewpoints are based on the fact that the fitting function 
should minimize the residuals to within the prescribed experimental error 
of 0.02 mm. Hg. 
Therefore, the question naturally arises as to whether the ob-
served pressures are correct to within prescribed tolerances or whether 
some gross errors exist. With published data, misprints, unfortunately, 
must be included in the category of gross errors, A careful review of 
the paper (57) revealed that one of the observed pressures-was actually a 
misprint. 
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Table 25 • A Comparison of the Sums of Squares 
of Residuals for the Total Pressure Data 
Containing a Misprint Against the Observed Data, 
Polynomial 

















































After correcting this error in the published data^ a new set of 
fitting polynomials was computed,. The new polynomial fits were substan-
tially imprdvedo That is to say, the sums of squares of residuals of the 
polynomial fits decreased more rapidly in the new case than with the old 
case (see Table 2.5)0 From an examination of the different degrees of 
polynomial fits there was one point which consistently had a residual 
greater than one millimeter of mercury. The reconciliation of this datum 
poses some questions of a fundamental nature. 
Those concerned with the conduct of the experiment can perhaps 
readily justify the exclusion, of this wandering datum in terms of self-
criticism. There is no doubt that, indeed much of the published experi-
mental data has been smoothed by either rejecting the outlying data points 
or moving them into line. 
From the viewpoint of one who is completely detached from the 
experiment, but who is charged with the responsibility of evaluating the 
data, in this case for thermodynamic consistency, the question of experi-
mental iQtegrity becomes exceedingly difficult to answer. Through a 
posteriori knowledge it must be assumed that the real physical world is 
describable by smooth continuous functions except at known singular 
regions. In this work a smooth continuous function is by definition a 
polynomial of a relatively low degree, that is, one whose higher order 
derivatives vanish. It is this basic assumption which allows one to 
interpolate sets of discrete data by the use of contiQUOus functions. 
One is immediately in difficulty, however, with the problem that if each 
member of the set of discrete data was subject to randomly distributed 
errors, then one canQOt know precisely which approximating function to 
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use, with some a_ priori knowledge. The interpolating process then 
becomes one of selecting a particular function from a family of func-
tions (i.e., different polynomial degrees) which can be used, in a 
sense, to describe the experiment. For purposes of this discussion, 
this process is arbitrarily preselected in order to compare different 
functional degrees. 
The process of selecting a particular function from a family of 
functions becomes difficult in view of the circumstances about the con-
duct of an experiment. For example, the statement is often made than an 
experimental variable can be observed to be within some tolerance, or 
precision, which shall be called e. Now, if one graphically displays a 
set of one of these variables against a second variable, assuming all the 
other observed quantities to be constant, one may obtain a plot such as 
illustrated in Figure 21. From Figure 21, the person analyzing the data 
would conclude either that some of the variables are in error in relation 
to a majority of the observations or that the data are indeed correct. 
If this latter viewpoint is accepted, then functions whose higher order 
derivatives exist must be used to interpolate the data. The consequences 
are that if a function which oscillates considerably is used to represent 
the data, then the basic assumption stated above is false, and the system 
may be said to exhibit certain peculiarities. If this hypothesis is 
accepted, then one usually re-evaluates the experimental data by further 
experimental work. 
If the unexplained peculiarities do persist, then an attempt may be 
made to revise existing theory to explain these observations. In some of 
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Figure 21. A plot of some observed q.uantities and two possible 
functional approximations depending on whether points 1 and 
2 are considered to be in error. 
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It is usually more convenient_j however_, to hold the fundamental 
law inviolate and to assume that experimental error did in fact exist. 
A question might then arise^ in that if one admits experimental error in 
one point of a set, then how many other points are subjected to an error 
greater than a stated precision? Even if one abandons the deterministic 
model of the real world and goes to a stochastic model in which, for a 
given set of values of the independent variables, it is assumed that the 
physical event to be observed will occur according to some probability 
distribution, one usually adopts the same point of view -- that is, if an 
observation is made which falls outside a probable range, it may be rejected 
as erroneous. The answer to the question of experimental error, however, 
must lie with the original experimentor who must evaluate some tolerance 
for each observation in a set of observations. Many investigators, indeed, 
do smooth the data prior to publication. 
But, back to the question of what is the best approximating func-
tion to use. Forsythe (59) has proposed the use of a certain computable 
statistic for testing whether higher degree polynomials make a significant 
reduction in the norm criterion. However, little theoretical support can 
be found for using this test, and in practice cases have arisen in which 
several distinct reductions in the norm criterion were indicated. 
If the fundamental law or physical model were understood, the 
selection of the form of the fitting fun.ction would be accomplished. It 
would then be an easy matter to select the criterion of best fit with 
respect to some particular functional form. If, however, one is given a 
set of data and then asked to fit an unspecified function to the data, it 
becomes painfully evident that there are usually not enough conditions to 
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insure the selection of a "best** fitting function. 
In regard to the very particular problem of evaluating vapor-
liquid equilibriuim data, it is suggested that a method exists for ascer-
taining a best fitting criterion. The logic of the method will subse-
quently be developed. 
An isothermal vapor-liquid equilibrium experiment yields k related 
quanta. They are the total pressure and temperature of the system, and 
the vapor and liquid compositions usually given in mole fractions of one 
of the binary components. Many authors use these data to compute such 
correlating quantities as the excess chemical potentials or the differ-
ence of the excess chemical potentials under isothermal or isobaric con-
ditions. Since the computation of the excess chemical potentials involves 
the evaluation of the logarithm of the ratios of vapor to liquid compo-
sitions, these terms tend towaird the indeterminant form o/o, in the dilute 
regions. 
Furthermore, it is then generally conceded that the experimental 
values in the dilute regions tend to be less accurate than the data for 
middle concentrations. Thus, it is felt that the use of the computations 
for the excess chemical potentials, as just described, for the evaluation 
of vapor-liquid equilibrium data becomes completely untenable. 
It therefore becomes the prime contention of this author that the 
basic experimental data must be fitted by a function before any computa-
tions are perfoMied. This must, of necessity, be the case because the 
experimental values are known precisely at the limits of the dilute 
regions -- the total pressure tends toward the vapor pressure of the pure 
components as the mole fractions of the constituents tends towarxi zero 
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or one. I t is therefore proposed to find two f i t t i n g functions; one for 
the t o t a l pressure and the other for the vapor composition^ with both in 
terms of the l iquid compositions. The f i t t i n g function is an orthogonal 
polynomial where the best fit^, for each degree^ is in a leas t squares sense. 
The method proposed by Forsythe_, which was previously discussed^ is used. 
The c r i t e r ion for the select ion of the best degree of polynomial is d i s -
cussed below. 
From the polynomial approximations to the basic experimental data_, 
values (or pseudo-data) of the t o t a l pressure and vapor compositions can be 
computed a t equally spaced values of the l iquid compositions. In addition_, 
the derivat ives of the t o t a l pressure and vapor compositions are also com-
puted, Thus_, with th i s interpolated data^ Simpson's rule can be used to 
compute the in tegra l of the difference of the excess chemical po ten t i a l s . 
But be t t e r s t i l l y the value (or the deviation from zero) of the Gibbs-Duhem 
equation (more spec i f ica l ly equation (7I)) ^^^ t)e computed a t these d i sc re te 
points . I t is f e l t that the Gibbs-Duhem equation is the best c r i t e r ion to 
use since^ as was previously shown,, one can obtain the in tegra l of the dif-
ference of the chemical potent ia ls to be zero and not have the Gibbs-Duhem 
c r i t e r ion even close to being sa t i s f i ed . The question of the best degree of 
polynomial^ however^ s t i l l remains unanswered. 
I t is therefore proposed to examine a l l the different possible 
combinations of degrees of f i t t i n g polynomials in l igh t of the Gibbs-Duhem 
equation. That iS;, for each combination of degree of polynomial f i t of 
t o t a l pressure and vapor compositions in terms of l iquid composition, the 
deviation from zero in the Gibbs-Duhem equation wi l l be computed. The c r i -
t e r ion of using the sums of squares of deviations to the Gibbs-Duhem equation 
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i s a r b i t r a r i l y chosen because of the s implici ty of i t s use. Other possible 
choices include c r i t e r ion of having the absolute value of the integrand of 
the in tegra l of the deviations from zero be a minimum, or using some leas t 
upper bound of the absolute value of the deviations of the Gibbs-Duhem equa-
t i o n . The sums of squares of these deviations w i l l be computed for each 
possible pair of f i t t i n g polynomials. I t is concluded that the best degree 
of polynomial f i t s to the or ig ina l data occur when the sums of the squares 
of the deviations are a minimum. This, in effect , says that when given a 
set of experimental data , the c r i t e r ion of best f i t sha l l be when the data 
are representable in the best possible l ight with respect to the Gibbs-Huhem 
equation. 
To summarize the preceding discussion, the proposed procedure 
involves the following s teps . 
1. Collect the isotheniial data for a binary system, which consists 
of the t o t a l pressures , vapor compositions, l iquid compositions, molal vol -
umes, and vapor pressures of the pure components and the second v i r i a l 
coef f ic ien ts . 
2 . Using the methods just described, obtain the b e s t - f i t t i n g 
polynomials of a l l admissable degrees for the two cases: f i r s t the t o t a l 
pressure as a function of the l iquid compositions, and second, the vapor 
composition as a function of the l iquid compositions. 
5 , For each combination of these polynomials; evaluate the func-
t ion in equation (71) -̂t a large number of poin ts , square and sum the 
r e s u l t s . Since t h i s function theore t i ca l ly vanishes iden t i ca l ly , the 
resul tant sum of squares i s taken as a measure of the inconsistency of the 
vapor-liquid equilibrium data . 
115. 
ko The two polynomials which give the smallest value for the sum;, 
of squares of the function of equation (7I) Sire said to represent the data 
in the best possible manner with respect to thermodynamic consistencyo This 
c r i t e r ion is impart ial , 
5. If the smallest value of the sum.; of squares of the function 
(ioe<._, deviations from zero) is a small number ,̂ then the data are i n t u i -
t i v e l y thermodynamically consis tent . However^ if the smallest value is 
s t i l l quite large., i t cannot be guaranteed that the data are thermodynami-
ca l ly inconsistento 
The complete thermodynamic consistency t e s t is demonstrated for 
the system^ ethanol--benzene in Appendix G. 
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CHAPTER VI 
DISCUSSION OF THE RESULTS OF THE CONSISTENCY TESTS 
The e n t i r e procedure^ which was d i scussed in the previous chap t e r 
was programmed for the Burroughs 220 computer. To make a complete t e s t of 
t h e i so thermal v a p o r - l i q u i d e q u i l i b r i u m da ta for a given system takes approx-
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imate ly I . 5 n minutes of computer ru rg ing t i m e , where n i s t h e number of 
da ta po in t s for a g iven system. Thus for a f i f t e e n d a t a po in t system com-
p u t e r t ime was j u s t over f i ve and one-ha l f hours . For t h i s reason , many 
systems were no t t e s t e d in t h i s t hes i s . , The b i n a r y system, e thanol - -benzene 
was t e s t e d in d e t a i l and the r e s u l t s a r e g iven in Appendix C. From t h e 
r e s u l t s f o r t h i s system, i t i s concluded t h a t t he v a p o r - l i q u i d e q u i l i b r i u m 
da ta of Brown and Smith (38) a r e thermodynamically c o n s i s t e n t . For t h e 
four teen da ta po in t s given in re fe rence (58)^ i t appeared t h a t a polynomial 
of degree eleven in vapor composition and of degree t en in t o t a l p r e s s u r e 
gave t h e bes t f i t of t h e exper imental datao The da ta of Udovenko and 
F a t k o u l i n a (62) could not be s a t i s f a c t o r i l y desc r ibed by any of t h e polynom-
i a l c omb ina t ions» 
The va lues of t he i n t e g r a l s of t h e d i f f e r e n c e s of t he excess chemi-
c a l p o t e n t i a l s were a l s o computed fo r every polynomial ccm±)ination. I t was 
observed t h a t , in the case of e thanol^-benzene a t ^5° Go, t he va lue of t h e 
i n t e g r a l corresponding to t h e b e s t f i t t i n g polynomials desc r ibed above was 
not t h e a b s o l u t e minimum,, This r e s u l t tends t o s u b s t a n t i a t e some of t h e 
remarks made in the previous chap te r concerning t h e use of t h e i n t e g r a l as 
a t e s t of thermodynamic consis tencyo The value of t h e i n t e g r a l was "0<,27^ 
117 
calories per gram-mole while the sum of squares of the deviations (as 
computed by equation (71)) "was 85"^ calories per gram-m-Ole at the best fit. 
The absolute minimum of the integral was -O0OI9 where the polynomial degree 
of the vapor composition was eight and of the total pressure was three. The 
value of the sums of squares of deviations from zero was 47^358.0 calories 
per gram-mole for this combination of polynomials -- clearly not the best 
in terms of thermodynamic consistency. 
Som.e of the other systems that were investigated are now briefly 
summarized. The data of Ibl_,et_ al. (65) for the system, pyridine--water 
at 50 and ^0° C. could not be adequately fitted by any of the polynomials 
for 15 data points. A plot of this data revealed considerable scatter in 
the total pressure measurements which showed up as poor values of the deri-
vatives in the fit of the total pressure data. 
The vapor-liquid equilibrium data of Domte {6k) for the system, 
ethanol"-water at 25° C. and of Beare, etx al. (65) fo^ the system, acetone--
water at 25° C. could not be satisfactorily fitted by any polynomial com-
bination. The data of Scatchard and Raymond (57) for ethanol--chloroform, 
which was used in the development of this procedure, was found to be ther-
modynamically consistent. These results are summarized in Table 26. 
Table 26. A Summary of the Results of 
the Thermodynamic Consistency Tests. 
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/Ca lo r i e s pers 
^ ffram-mole 
e thanol-benzene 45° C ,85.5 
e t hano1-b enz ene ko° C 15 10 11 54o4 
ethanol-benzene 50° C 15 10 11 670 
ethanol-benzene 60° C 15 11 11 2344 
p y r i d i n e - w a t e r 30° C 15 3 k 1646 
p y r i d i n e --water 1+0° C 15 2 5 1246 
e t hano 1 "wa t e r 25° C 15 10 9 1468 
ace tone -wa te r 25° C 15 8 9 1182 
e thanol -ch loroform k^ °C 29 12 11 56.5 
e thanol -ch loroform ^5 °C 27 8 8 55 .1 
e thano l - ch lo ro fo rm 55 °C 26 12 10 51 .7 
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CHAPTER V I I 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
The f o l l o w i n g c o n c l u s i o n s have been made from t h i s s t u d y on 
e i g h t t e r n a r y s y s t e m s and t w e n t y - o n e b i n a r y s y s t e m s : 
1. For t e r n a r y systems con ta in ing two p a r t i a l l y mi sc ib l e b i n a r y 
p a i r s and an i d e a l b i n a r y p a i r , t he l i q u i d phase equilibrium was s a t i s -
f a c t o r i l y p r ed i c t ed using t h e Margules model, t h e p r e d i c t i o n s being only 
s l i g h t l y b e t t e r than the van Laar model. The p r e d i c t e d d i s t r i b u t i o n was 
very n e a r l y t h e same as t h e exper imen ta l ly deteimined d i s t r i b u t i o n and 
t h e p r e d i c t e d bin,odal curve followed t h e exper imenta l b inoda l curve very 
c losely» This conclus ion was based on t h e r e s u l t s of t h e fol lowing s y s -
tems : 
Fur fura l - -n-heptane- ' -cyc lohexane 
An i l ine - -n -hep tane - -cyc lohexane 
n i t r o e t b a n e - - n - o c t a n e - - i s o o c t a n e 
2 . For t e r n a r y systems con ta in ing t h r e e immiscible b i n a r y p a i r s , 
i t was p o s s i b l e fo r t h e Margules and van, Laar equat ions to p r e d i c t t h r e e 
s e p a r a t e b inoda l cu rves . This obse rva t ion was based upon s t u d i e s of t h e 
one system, decy l a lcoho l~-n i t romethane-=e thy lene g l y c o l . The r e s u l t s 
of t h i s system were q u a n t i t a t i v e l y poor but n e v e r t h e l e s s i n d i c a t e d t h e 
presence of t h r e e b inoda l curves . 
5 . For t e r n a r y systems con ta in ing one immiscible b i n a r y system 
and two n o n - i d e a l m i sc ib l e sys tems, the phase composit ion p r e d i c t i o n s 
were good fo r t he d i s t r i b u t i o n curves where t h e composit ion of the t h i r d 
1^0 
misc ib l e component was sma l l . The p red i c t ed t i e - l i n e s in t h e concen t ra ted 
reg ions of t h e t e r n a r y systems were not s a t i s f a c t o r y ^ in tha t^ in a l l 
cases t h e p red i c t ed system was l e s s i d e a l than t h e a c t u a l system. These 
conclus ions were based on the r e s u l t s for t h e fol lowing systems» 
Benzene " -wate r—pyr id ine 
Benzene"-water-^e thanol 
• Chloroform--water - -ace tone 
Ni t romethane-"n-heptane--benzene 
4o The use of or thogonal polynomials provided a means of f i t t i n g 
t h e exper imenta l da t a t o any de s i r ed degree up t o t h e number of da t a p o i n t s 
l e s s two. The t o t a l p r e s s u r e s and vapor composit ions were f i t t e d j u s t as 
one would f a i r a curve through t h e da t a p o i n t s on a graph. This i s con-
t r a s t e d t o t h e f ac t t h a t t he use of o rd ina ry polynomials does not g ive good 
f i t s t o v a p o r - l i q u i d equ i l i b r ium d a t a . 
^c On the b a s i s of t h e r e s u l t s of f ive i so thermal b i n a r y systems^ 
t h e t e s t of thermodynamic cons i s t ency presen ted in t h i s t h e s i s provides 
a very a c c u r a t e t e s t for t h e eva lua t ion of i so thermal b i n a r y v a p o r - l i q u i d 
equ i l i b r i um d a t a . I t s use i s recommended over t h e i n t e g r a l t e s t s when 
very a c c u r a t e r e s u l t s a r e d e s i r e d . 
6, On t h e b a s i s of t h e r e s u l t s of eva lua t ing t h e parameters t o 
t h e s tandard b i n a r y equations_, d i scussed in t h i s t h e s i s ^ for n ine n o n - i d e a l 
m i sc ib l e systems;, i t was observed t h a t the Margules t h r e e cons tan t equa t ion 
gave t h e b e s t f i t of t h e a c t i v i t y c o e f f i c i e n t da t a in t he l e a s t squares 
s ens e . 
During t h e course of t h i s i n v e s t i g a t i o n more ques t ions have been 
r a i s e d than have been answered. A new a rea of e x p l o r a t i o n has become a 
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r e a l i t y which only yesterday was a dreanio The advent of the computer has 
made i t possible for extensive numerical computations to "be performed - -
to conduct numerical experimentation on the theories of physical processes. 
While i t must be said that the resu l t s presented in t h i s work tend to be 
disappointing in t h e i r fa i lure to s a t i s f a c t o r i l y predict ternary l iqu id-
l iquid equilibrium, these resu l t s do point out some needs in fundamental 
areas of study., They point out, for example, that more good isothermal 
binary vapor-liquid equilibrium data are needed, especial ly in the region 
of the c r i t i c a l solution temperature of p a r t i a l l y miscible systems. For 
no matter how well the techniques of numerical experimentation are develDped, 
good experimental data is the primary requ is i t e for t e s t ing any mathemati-
cal model. 
The fact that vapor composition and t o t a l pressure data can be 
f i t t ed very well by orthogonal polynomials opens up many new areas of 
vapor-liquid equilibrium data analys is . Studies on the use of the Gibbs-
Duhem equation for isobaric systems should be very f ru i t fu l in the near 
future. The use of these methods once again shows the necessi ty of having 
extremely good vapor-liquid equilibrium data to work with for the or tho-
gonal polynomials as used in t h i s thes i s are very sens i t ive to sca t t e r in 
the data. 
Another area for future invest igat ion is the t e s t ing of other 
mathematical models for the Gibbs excess free energy having a more theo-
r e t i c a l basis than the empirical Wohl model used in t h i s work. The exten-
sion to the predict ion of ternary vapor-liquid equi l ib r ia becomes very 
feasible for i f one can predict the a c t i v i t i e s at any ternary composition, 
then one can cer ta in ly predict the vapor composition in equilibrium with 
the l iquid . 
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Also there is the intriguing problem of computing the parameters 
of the ternary model from a knowledge of the conjugate phase compositions 
only^ in a manner similar to that used for partially miscihle binary sys-
tems. Many fruitless hours have been spent by the author in this area of 
study^ but new ideas are always waiting to be triedo 
And finally the extension of all of these concepts to multi-compo-
nent systems poses an inviting challenge for some future study., 
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A P P E N D I C E S 
J^ 
APPEJVJDIX A . 
THE CORRECTION FOR VAPOR PEASE IMPERFECTIONS 
Of t h e niany d i f f e r e n t e q u a t i o n - o f - s t a t e forms d e s c r i b e d i n t h e 
l i t e r a t u r e , t h e t y p e most o f t e n used i n v a p o r - l i q u i d e q u i l i b r i u m compu-
t a t i o n s i s one i n v o l v i n g t h e second v i r i a l c o e f f i c i e n t when t h e p r e s s u r e s 
a r e low. The u s e o f an e q u a t i o n - o f - s t a t e , wh ich i s b a s i c a l l y a power 
s e r i e s e x p a n s i o n i n t h e v i r i a l c o e f f i c i e n t s , t r u n c a t e d w i t h t h e second 
v i r i a l c o e f f i c i e n t g i v e s a s i m p l e form w i t h o n l y one p a r a m e t e r t o b e 
d e t e r m i n e d . T h i s i s t o b e c o n t r a s t e d w i t h t h e many p a r a m e t e r s wh ich a r e 
r e q u i r e d i n t h e u s e of o t h e r p o p u l a r forms o f e q u a t i o n - o f - s t a t e , s u c h a s 
t h a t of B e a t t i e - B r i d g m a n . Whi le a many p a r a m e t e r e q u a t i o n i s more e x a c t , 
i t i s a l s o more cumbersome t o u s e , and t h e v a l u e s of t h e p a r a m e t e r s a r e 
n o t a lways a v a i l a b l e . A n o t h e r p o i n t w h i c h w i l l b e d i s c u s s e d b e l o w , i s 
t h a t t h e c o m b i n a t i o n laws f o r m i x t u r e s a r e o n l y e m p i r i c a l l y d e v e l o p e d . 
F i n a l l y , t h e u se o f t h e v i r i a l c o e f f i c i e n t s can b e r e l a t e d t o t h e d e v e l o p -
ment of e q u a t i o n s - o f - s t a t e from a s t u d y of i n t e r m o l e c u l a r f o r c e s {66). 
I t i s i ndeed u n f o r t u n a t e t h a t t h e r e a r e many d i f f e r e n t v i r i a l e q u a -
t i o n s - o f - s t a t e i n u s e . Thus b e f o r e u s i n g a n y v a l u e s from p u b l i s h e d v i r i a l 
c o e f f i c i e n t d a t a , one s h o u l d a s c e r t a i n t h e t y p e of e x p e r i m e n t t h a t was 
c o n d u c t e d and wh ich v i r i a l c o e f f i c i e n t was o b t a i n e d . T h i s has n o t a l w a y s 
b e e n done i n t h e p u b l i s h e d l i t e r a t u r e . 
The v i r i a l e q u a t i o n - o f - s t a t e w h i c h h a s some t h e o r e t i c a l b a s i s from 
s t a t i s t i c a l the rmodynamics and i s s a i d t o r e p r e s e n t p r e s s u r e - v o l u m e - t e m p e r -
a t u r e d a t a f a i r l y a c c u r a t e l y i s g i v e n by e q u a t i o n (85) ( r e f e r e n c e ( 6 T ) ) . 
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p ^ RT . B C_ D_ ^ .Q. 
Y ^-^ Y y2\p ' ^^^^ 
where V is the molar volume of the pure substance >, and B̂  Ĉ  and D̂  called 
the second, th i rd and fourth v i r i a l coefficients^ respect ively, are func-
t ions of temperature only. 
For gases a t low pressures only the f i r s t two terms of equation 
(85) are re ta ined. 
P = Y (1+ f ) (86) 
It is also possible to represent the pressure-volume-temperature rela-
tionship by the following series expansion in pressure, (6?) 
V - ~ ( H - B ' P + G ' P ^ + . . . ) (87) 
where again the £•' and C are called the second and third virial coeffi-
cients. If higher terms than the first power of the pressure are neglected, 
one then gets ecLuation (88) 
V - y (1+ B' P) (88) 
where the units of B' are in reciprocal pressure units. The relationship 
between the pressure-explicit and volume-explicit second virial coeffi-
cients of equations (86) and (88) is given by 
B - B' P V (89) 
Another form of the virial equation has been used by Scatchard (5?) 
which differs from both equations (86) and (87). Written in the volume 
explicit form as in equation (90)^ it gives the impression of a pressure 
series expansion. 
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V = ^ + B" (90) 
The imits of B " are of molar volumeo The re la t ionship of B" to B of 
equation (86) is giYen by 
B" = P ) B (91) 
The term (PV/RT) i s known as the compressibil i ty factor^ and a t low tem-
peratures and pressures i t is approximately unity. I t is perhaps for t h i s 
reason that many authors do not even bother to make a d i s t inc t ion between 
the v i r i a l coefficients of equations (86) and (90)» 
Equation (90) is the v i r i a l equation-of-state used by Lambert and 
co-workers (69) where t he i r method of determining the second v i r i a l coef-
f ic ien t was to f i r s t graphical ly display PV vs P data under isothermal 
conditions» Then from the slope and intercept^ the second v i r i a l coeff i -
cient was determined by the following relation^ 
B" - (RT/P V ) X (Slope of PV vs P plot) (92) 
When equation (86) is written for a binary mixture as 
P ^ RT/V (1 + B /V ) (93) 
' m m'̂  m \y-^ J 
the second virial coefficient of a binary mixture_, as derived from statis-
tical mechanics is given as a quadratic function of the mole fractions as 
in equation (9^) (Reference (68))<. 
m \ x ^1 ^ 2B,2yiy2 + \2^2 (5^) 
B,^ can be considered to be that second virial coefficient manifested by 
12 
a hypothetical substance which would be described by the same intermolecular 
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poten t ia l function as tha t which represents the in teract ion of the molecu-
l a r species one and two. 
Thus, with the assumption that the compressibil i ty factor is uni ty , 
the volume-explicit v i r i a l equation, equation (90) j» "becomes for a binary 
mixture 
•prp o Q 
V = y + B ĵ_ŷ  + 2B^2y^y2 ^ ^22^2 ^^S) 
which is usually modified to the following form, 
^ = f ^ \ l ^ l ^ ^22^2 ^ ^ 1 2 ^ 2 (29) 
where 
^12 - 2 3 ^ - B^^ . Bg2 (30) 
Subst i tut ing of eq-uation (29) into equation (26) and performing the 
in tegrat ion, with the assumption that the volume of the l iquid is inde-
pendent of the pressure, yields for a binary mixture equations (51) and 
(32) in teims of the a c t i v i t y coefficientso 
RT l n 7 i - RT m I Q -̂  ] + (B^^ - v^°)(p - p^°) + \^FY.f (5l) 
Pi ^1 
RT In 72 = RT In | ^ ^ ] + (B^^ " V2°)(P - p^") + ^ 1 2 ^ 1 ^ (^2) 
^2 ^2. 
Equations (51) and (52) have been used to such a great extent in 
vapor-liquid equilibrium calculat ions t h a t , in effect , they are now stand-
ard. One should keep in mind a l l the assumptions used in t h e i r development 
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and that these equations are not the most precise and^ in. some instances^ 
perh-aps not even the best to use„ The l a t t e r case is t rue when the con-
t r ibu t ion by the vapor phase imperfection terms of equations (51) and 
(52) is of the same order of magnitude as the logarithm temio This occurs 
when vapor-liquid equilibrium mixtures are very nearly ideal so lu t ions . 
(The excess Gibbs free energy is small) . I t is also usually t rue that in 
these cases, the v i r i a l coefficients of mixing are not always ava i lab le . 
For solutions which deviate great ly from ideal solut ions , the contribu-
t ion of the vapor phase imperfection terms becom ê small when compared to 
the logarithm term. 
The discussion up to t h i s point has been to demonstrate the need 
of a volume expl ic i t v i r i a l equation of s t a t e in the integrat ion of the 
developed excess chemiical po ten t ia l equations. Subsequent discussions 
w i l l deal with the methods of computing the second v i r i a l coefficients 
of pure substances and of mixtures. 
Lambert, et, a l . (69) have shown tha t the Berthelot equation, 
B(T) = B - A/T^- (9R T^/128P^) (I-6 {Tjlf ) (95) 
agrees well with experimental measurements for many non-="polar substances. 
The second virial coefficients of pure substances and binary mixtures of 
non-polar vapors can be successfully predicted by the application of the 
theorem of corresponding states (70)° From a plot, representing the 
available measurements, of reduced second virial coefficients (B/V ) as a 
In order to avoid confusion with the Berthelot equation parameter 
B, the second virial coefficient will henceforth be referred to as B(T) 
for the pure component and B(T) for a binary mixture. 
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function of reduced temperatures^ one finds this curve to be indistinguish-
able from a curve computed from, the reduced Berthelot equation over a 
reduced temperature range of 0.65 'to 1..00 (71)° Therefore^ we will relate 
our discussions about non-polar substances only to the Berthelot equa-
tion. 
The experimental virial coefficients c, when available as functions 
of temperature^ are fitted by the method of least squares to an equa-
tion of the form_j 
B(T) - B - A/T^ (96) 
Equation (96) has been shown to agree well with experimental measurements 
for many non-polar substances at low pressures (69)• 
Our discussions of the treatment of pure substances was based on 
the fact that experimental virial coefficient data were available for most 
of the systems considered in this research. Even when virial coefficient 
data are not available, the computation is straight forward once it is 
decided to use the Berthelot equation. For mixtures, however, one is 
immediately in difficulty in that certain rules must be prescribed which 
are not in all cases verifiable. The following is a discussion of some of 
the rules for the computation of the second virial coefficients of a mix-
ture based on a Berthelot equational form. 
From a wide study of the properties of gaseous mixtures, two empiri-
cal rules have been suggested for the calculation of the Berthelot param-
eters, (A,B)5 of a mixture (72). The use of these rules presupposes that 
the second virial coefficient of the mixture, B(T) , representing the 
molecular interactions of molecular species 1 and 2, is computed by a 
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Berthelot type equation (equation (97))'> Rule one is the Lorentz combin-
ation^ equation (98) ;> which approxiicately assumes that the distances of 
the minimums of the inte2raction functions are additiveo Rule t"wo_, equa-
tion (99)^ follows from a simple interpretation of the dispersion forces. 
The name Lorentz-Berthelot mixture has been suggested for a m.ixture of 
Lennard-Jones molecules in which the param.eters of the mixture are com-
puted by these rules (72) 
B(T)^2 == ̂ 12 • ̂ 12/^ ^̂ ^̂  
B ^ = (B^^+ B^/^) / 8 (98) 
^ 2 - A/ ̂ 11 ̂ 22 ^99^ 
Another m êthod suggested for the computation of the second v i r i a l 
coefficient of a binary mixture of non-polar substances is due to Scatchard 
and Ticknor (75)• Their method is summarized b r i e f ly in the following 
sect ion. 
The A-, and B of equation (9?) are t rea ted s imi lar ly for a mixture 
as one would t r e a t the a and b of van der Waals equation or the A and B 
^ 0 0 
of the Beattie-Bridgeman equation. 
1̂2 =̂  \̂(̂  "" ii^ ^ ' ^ ^^^^ 
^ ~ " (100) 
^22 
Equation (98) is the Lorentz combination. 
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Equation (100) corresponds to a calculat ion of the energy densi ty of a 
mixture froin 
( E A ) I 2 ^̂  > / ( E / V ) ^ ^ ( E 7 V ) ^ (101) 
where E is the energy difference between a perfect gas and the l iquid 
state_, and V is the volume of the l iquid . This assumes that the sepa-
rat ion of the molecules i s proportional to the distance a t which the 
interact ion poten t ia l is a m-inimum and the energy of evaporation is 
approximately one-half of the minimum value of the interact ion poten-
t i a l times the number of nearest neighbors in the l iquid . Measurements 
of methane-butane mixtures have shown that values do f a l l between quad-
r a t i c combinations of A / B , as given in equation (102);, and A / B , as 
given in equation (lOO). 
hs. ^ /hi ^ (102) 
^12 V ^11 ^22 : 
Of the two methods suggested for the computation of the second 
v i r i a l coefficient of the mixture_, investigations were made by R. Techo 
to ascer ta in which might be the be t t e r one to use. These methods w i l l be 
hereafter referred to as the Lorentz-Berthelot mixture rule as given by 
equations (98) and (99) and the Scatchard mixture rule as given by equa-
t ions (98) and (100), Using the experimental data of Waelbroeck (7^) for 
the second v i r i a l coefficients of mixtures of benzene-cyclohexane, the 
resu l t s have indicated that the Lorentz-Berthelot mixture rule was more 
suited to the predict ion of the v i r i a l coefficients than the Scatchard 
ru les . The Scatchard mixture rules gave values of B ( T ) , which were 
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approximately 50 per cent larger than the observed values. The A/B com-
bination^ equation (102) gave values of B(T) that were 25 per cent 
greater than the observed values. The Lorentz-Berthelot mixture rules 
gave values of B(T)-, which approximated the experimental data.. The 
results of this investigation are summarized in Table 27. 
The equations for the pure vapors were derived from a least squares 
fit of available experimental data, which is discussed below, and are sum-
marized as follows: 
B(T) = 48.8 " 12.8 X 10^ T""̂  for benzene 
B(T) =- 584 - 18.5 X 10''' T"^ for cyclohexane 
B(T) = 165 - 21.7 X 10''' T"^ Scat chard Rules 
B(T)^,^ ̂  165 -18.5 X 10'̂  T'^ A/B combination 
B(T) = 165 - 15.5 X 10^ T"^ LO rent Z-Bert he lot m.ixture 
Table 27" A Summary of the Computations for the Second 
Virial Coefficients for the System 
Benz'ene--Cyclohexane, 
(units are cm /mole) 
T°C -B(T) -B(T) -B(T) 
Eqns. (98) , (102) Eqns. (98) , (102) Eqns. (98)(99) - B ( T ) 
Scatchaixi Rules A / B Comb. Loren tz -Ber the lo t Experiment 
1552 1258 1227 
1205 
1^55 1175 1158 
1109 













The experimental data for t h i s system indicate that the difference 
between B(T) and (B + B )/2 is negl igible in that i t is within the 
experimental error of each of the observed quantit ieso Thus for som.e non-
polar mixtures ^ the assumption of R == 0 in. equations (5I) and (52) i s 
a valid one„ This can be considered as a simplif icat ion of the Lorentz-
Berthelot mixture rules ia cer ta in cases., For mixtures where the c r i t i c a l 
constants of the two components do not d i f fe r too greatly^ ^10 ~ ^^ ^^^ 
been observed to hold in the reduced temperature range of Oo5 "to 0.8 (7 I ) . 
Having discussed a method of computation of the v i r i a l coefficient 
of a mixture of non-polar vapors;, one usually extends the discussion to 
mixtures of polar vapors. Instead the preceding discussion wi l l be ampli-
fied and extended to polar mixtures in the following manner: 
The various mixtures w i l l be considered by the following classif ica-
tions in the order presented for treatment in th i s invest igat ion, 
a. mixtures of non-polar vapors 
b . mixtures of a non-polar and weakly polar vapors. 
c. mixtures of ncn"polar and polar vapors 
d. mixtures of polar vapors. 
I t is in part d. that the method of computation of the second v i r i a l 
coefficient of polar mixtures w i l l be developed. The reason for t h i s 
w i l l become obvious in, the development given below. 
Non-polar°-non-polar.--For mixtures composed only of non-polar molecules, 
the • Lorentz-Berthelot mixture rule wi l l be used for computing the second 
v i r i a l coefficient of the mixture. In addition to the above discussion 
of benzene-cyclohexane mixtures, there is ample evidence in the l i t e r a t u r e 
that the Lorentz-Berthelot mixture rule 4oes g^pprpximate jion-polar vapor-
mixtures reasonably well (72). 
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Non-polar~°^v^eakly polarc --For mixtures of a non-polar and weakly polar 
vapor_, the Lorentz-Berthelot mixtur-e rules wi l l be assumed to holdo Per-
haps the "best argument in favor of i t s use is that i t works (72)o I t has 
been observed that a number of weakly polar vapors^ which possess a maxi° 
m.um energy of dipole interact ion less than kT^ show no measurable deviation 
from the pr inciple of corresponding s ta tes even down to comparatively low 
reduced temperatu!:'es (71)0 
This can be explained by the fact that one of the conditions for 
a substance to conform, to the pr inciple of corresponding s ta tes requires 
that the m.olecules be spherical^ e i ther s t ruc tu ra l l y or by v i r tue of rapid 
and free rotationo Thus when the temperature drops,, the veloci ty of r o t a -
t ion decreases and the maximum energy of dipole in teract ion becom.es larger 
than kT^ thus increasing the pos s ib i l i t y of a mut^Jally favorable o r ien ta -
t ion forming a dimer of a f a i r l y long lifeo This has not been obser^^ed in 
the case of weakly polar molecules (71)° 
Non"-polar-°polaro -°For mixtures of non-polar and polar vapors_, the second 
v i r i a l coefficient of the m.ixture shoul,d have the value predicted by the 
theorem of corresponding states^ (ioeo^ the sam.e as computed by the Lorentz-
Berthelot m.ixture rules) since no specif ic mutual in teract ion between the 
unlike molecules should be expected.. The degree of dimerization is assumed 
to be so small tha t in teract ion between the non-polar molecules and the 
dimer m.olecules of the polar vapor can be neglected (71)" 
Therefore^ to compute the v i r i a l coefficient of a non-polar--polar 
mixture one would use the Lorentz-Berthelot combinatory rules assuming tha t 
each molecular species was described by the Berthelot eq_uation correspond-
ing to the theorem of corresponding states<, Then the v i r i a l coefficient_, 
'm5 
as a fuQction of the mixture 
\ ' ^i^B^^^ii ̂  ^h^2 ^("^12 ̂  2̂"" -̂ (̂ âa (94) 
would be computed using the observed virial coefficients of each of the 
pure vapors. The virial coefficients of the polar molecules are expected 
to be considerably more negative than that predicted by the theorem of 
corresponding states/ 
Before considering the problem polar--=polar interactions^ some 
discussion of pure polar vapors will be pertinent., It should be noted 
that polar vapors deviate considerably from the principle of correspond-
ing states at low reduced temperatureso Eucken (75) first proposed that 
polar vapors undergo partial association due to dipole interaction or 
hydrogen bonding^ and that this is responsible for their deviation from 
the principle of corresponding states,, 
Lambert (7̂ -) has proposed that substances which deviate from the 
principle of corresponding states because of dimer formation due to dipole 
interaction or because of hydrogen bond formation, can be accounted for 
by a second virial coefficient of dimerization, B̂ ^ = -RT/K , where K is 
^ D ' p^ p 
the mass-action dissociat ion constant of the dimer. K = , p (monomer)/ 
p(dimer)o This effect is then considered to be addit ive to the second 
v i r i a l coefficient as obtained from the pr inciple of corresponding s t a t e s . 
Since experimental data are avai lable for a l l the pure substances;, 
which are polar , considered in t h i s t h e s i s , how can the work of Lambert be 
used in the computation of polar mixtures? On the surface, t h i s method 
could only be used if a dimerization constant were avai lable for the mutual 
in terac t ion of the unlike molecular species.. Since such data are lacking 
for the systems under consideration here,, t h i s method cannot be used_̂  "but 
ve sha l l use some of the ideas contained in the development of t h i s method 
in subsequent discussions» 
Another approach is the acknowledged successful empirical t r e a t -
ment of Stockmayer (76) whose computed second v i r i a l coefficients were 
successfully f i t t ed to experimental data for pure polar vapors« This 
treatment does not^ however^ take into account the occurrence of long-
l i f e molecular associat ion and has not been extended to binary mixtures 
(71)° At present^ the Lo rent z-Bert he lot mixture rules are assijuied in 
m.ost cases (68)0 Since experimental values for the pure vapors are a v a i l -
able^ th i s method is not considered in th i s research but i t ce r t a in ly 
warrants further studyo 
Instead^ the combination rules proposed by Scatchard w i l l be used 
for the following reasonso In mixtures of polar vapors^ where each com-
ponent shows a deviation from the theorem of corresponding s ta tes due to 
association, or h;>d.rogen bonding,, i t can be expected that the v i r i a l coef-
f ic ien t of the mixture w i l l not follow the theorem^ of corresponding s t a t e s o 
This deviation can be accounted for by dipole=dipole in teract ion between 
the diss imilar associated molecules or by hydrogen bonding between the 
individual d iss imi lar molecules _, or combinations of the in teract ions <, 
Deviations from the theorem of corresponding s ta tes are manifested by large 
negative values of the v i r i a l coefficients» I t has been obseirved tha t the 
Scatchard rule pi:'edicts larger negative values for the second v i r i a l coef-
f ic ien t of a mixture than the Lorentz-Berthelot mixture rule^ For the 
system acetone-nitromethane at ^5° Ĝ  the following comparisons are made: 
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B(T) = -5850 cm /mol was obtained by Brown and Smith (77) from the 
isothermal vapor-liquid equilibrium, data of the system. 
B(T) = -2800 cm /mol was obtained by using the Scatchard rule where 
the data for each of the pure consti tuents were f i t t ed to a Berthelot 
equation. 
B(T) - -2000 cm /mol was calculated by Brown and Smith (77) using the 
Stockmayer po ten t ia l with Lorentz-Berthelot mixture ru les . The conclusion 
reached in th i s paper was the existence of a specific interact ion between 
acetone and nitromethane molecules possibly involving hydrogen bonding 
between the oxygen of acetone and hydrogen of the nitromethane. 
ThuS;, for the s implici ty of computation^ the Scatchard rule - - a t 
l eas t in t h i s one case - - gives a value which is not unreasonable consider-
ing the uncertaint ies involved. 
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APPENDIX B 
THE SECOND VIRIAL COEFFICIENTS FOR PUÎ E SUBSTANCES 
It is most desirable to have values for the second virial coeffi-
cients of mixing and of the pure constituents at the temperature the vapox-
liquid equilibrium experiment is conducted. This is^ however_j rarely 
realizable, and the methods of estimation and extrapolation^ which were 
discussed above, must be employed to extend any available data. 
A survey of the literature revealed the following data for the pure 
substances involved in the binary and ternary systems under consideration 
in this research. It should be emphasized that an exhaustive literature 
survey was not made, the reasons being obvious. 
Benzene.-°Andon,et al. (80) determined the second virial coefficients for 
an equation of state similar to equation (78) using the experimental method 
of Baxendale, Enuestuen, and Stem (82). 
Allen,et. a_l. (79) published a Berthelot type equation (equation (96)) 
with the constants B - 70 cm /mole and A - 12.3 x 10' cm*̂ -deg /mol 
where the virial coefficient was of the type used in equation (78). 
Using all the data of Table 28, the following Berthelot type equa-
tion was fitted to the data by the method of least squares, 
B(T) ̂  48.8 - 12.8 X 10^ T"^ cm^/mol 
Equation (IO5) gives values of the virial coefficient which are about 
three per cent higher than those given by Allen^et. al.. (79)^ t)ut these 
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Figure 22. The second v i r i a l coeff icient , B ( T ) , as a function of 
temperature, "C., for benzene. 
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values a r e more c o n s i s t e n t in view of t h e r ecen t da t a of Waelbrock ( 7 4 ) . 
Waelbrock (7^) used a cons tan t volume appara tus analogous to t h a t of Eucken 
and Mayer (75) ^^^ t he v i r i a l c o e f f i c i e n t s obta ined were those for equa-
t ion (85)• 
Table 29 . Second V i r i a l Coef f i c ien t Data 
for Cyclohexane 
-B(T) cm^/mol T° C. Reference 
1518 k2 : , 7^ 
1^55 hi :^ 7k 
1582- 50 Ik 
1510 51 69 
1355 55 Ik 
1301 58 7k 
1268 60 7^ 
1250 60 69 
1260 62 69 
1236 65 7k 
1110 65 69 
1130 69 69 
1180 70 7k 
1080 , 71 69 
1080 71 7 69 
1170 75 7k 
1100 78 69 
920 89 69 
900 109 69 
800 151 69 
7 "2 
F i t of da t a in t he l e a s t squares s ense , B ( T ) = 584 - I8 .3 x lO'T 
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Figure 23- The second virial coefficient, B ( T ) , as a function of 
temperature, °C., for cyclohexane. 
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Table 50. Second Yirial Coefficient Data 
for Chloroform 
-B(T) cnr/mo L T" Co Reference 
950 45 69 
1000 50 83 
1000 52 . 69 
950 58 69 
900 62 69 
850 70 69 
Oho 70 85 
790 78 69 
1^0 90 .. 85 
690 101 . 69 
.650 110 69, 85 
F i t of da t a in t he l e a s t squares sense^ 
B(T) = 57 .^ - 9.89 X lo'' ' T"^ cn^/mol . 
Ethano 1. •--Barker et al. (84) computed their values of the virial coeffi-
cient for ethanol from the experimental heat of vaporisation data of Fiock_, 
Ginnings and Holton (85) and vapor pressure data fitted to the Antoine 
equation. The following equation was used_, 








Figure 2k. The second virial coefficient, B(T), as a function of 
temperature, °C., for chloroform. 
Table 51. Second Virial Coefficient Data 
for Acetone 
,3 
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F i t of da ta in t h e l e a s t squares sense 
B(T) = 955 - 260k X 10^ T"^ ci!?/mol 
S u b s t i t u t i o n of t h e Antoine equat ion fo r dp /d t g i v e s . 
AH (c + tf 
B(T) = - ^ -— — + V, - ^ . (105) 
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Figure 25. The second virial coefficient_, B(T)_, as a function of 
temperature^ °C.y for acetone. 
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Table 32. Second Virial Coefficient Data 
for Ethanol 


























It has been observed that computations such as given by equation 
(104) and (105) are not very exact since B is rarely more than five per 
cent of V — ~ , which is the quantity directly calculated (72). 
Scatchard and Raymond computed the second virial coefficients for 
ethanol from the equation, involving critical constants, proposed for 
water with the assumption that the theorem of corresponding states was 

































^ v N . A 
700 
^ - v ^ 
^ • ^ ^ 
600 O REFERENCE (84 
• REFERENCE (71 
) 
^^'—. ^ ^ 
) P"--. 
500 
BERTHELOT EQUATION FROM CRITICAL DAT-
A REFERENCE (69) 
^ A 
Ann 
B(T) = 3607 - 62 X 10^ (T-^) 
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Figure 26. The second virial coefficient, B(T), as a function of 
temperature, ° C., for ethanol. 
lii.9 
approximately o n e - t h i r d those repor ted by Lambert (69) . 
The da ta of Table 57 iias been f i t t e d by the fol lowing B e r t h e l o t 
type equat ion us ing t h e method of l e a s t squares^ 
B(T) = 5607 - 62 X 10^ T"^ cm^/mol » 
Table 53• Second V i r i a l Coef f i c ien t Data 
fo r P y r i d i n e 










F i t of d a t a in t h e l e a s t squares s e n s e , 
B(T) - 104 - 16.5 X 10^ T"^ cm^/mol . 
For nitromethane_, t he t h r ee -pa rame te r equat ion proposed by 
McCullough et. al_. (86)^ was changed t o t h e Be r the lo t form t o be con-
s i s t e n t wi th t h e computations of m ix tu re s . 
B(T) = -500 - 12o92 Exp (1700/T) cm^/mol (IO6) 
B(T) = 56î -5 - 68 .2 x 10^ T"^ cm.^/mol (I07) 
150 
2700 
Figure 27. The second virial coefficient^ B(T), as a function of 
temperature^ ''C., for n-heptane. 
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n-Heptaneo--For n-heptane^ there was an unexpected, paucity of data. Refer-
ence (78) gave data of the second virial coefficients at temperatures which 
were too high to be of any usee Reference (25) gave an equation from 
unpublished sources (equation (I06))o Brown and Ewald (87) computed the 
second virial coefficients from the Berthelot equation using critical con-
stantSo 
B(T) - Oo 199005 " ^i-^.kQk/n - 5"78255 X IO' ' ' /T^ (108) 
Figure 26 shows the data computed by the methods of both references. I t 
is noted that equation (IO8) gives v i r i a l coefficients considerably higher 
than those of the Berthelot equation. Since the source of equation (IO8) 
is unknown, and Lambert- et. aJ.. (69) has shown, tha t the Berthelot equation 
yields fa i r resu l t s for non-polar substances^ the Berthelot equational 
form with data derived from the c r i t i c a l constants wi l l be used in t h i s 
research (equation (IO9)) 
B(T) = 115 " 2o02 X I O ' / T (109) 
152 
APPEEDIX C 
THE BINARY SYSTEM, ETEANOL - BEK'ZENE 
Among the many sets of vapor-liquid equilibrium data available in 
the literature for the binary system, ethanol-benzene, the isothermal data 
of Brown and Smith ("58) at ^5° C. and that of Udovenko and Fatkoulina (62) 
at kO, 50, and 60'̂  C. were selected for the correlation calculations to 
the standard binary activity coefficient equations. These were the only 
isothermal data -which were found in the literature for this system„ From 
an examination of a plot of the various parameters of the standard equa-
tions against reciprocal temperatures, considerable differences were 
observed between the data of reference (58) and that of (62) even when 
temperature differences were taken into account. Therefore a decision 
had to be made as to which was the better set of data. The term **better** 
is used in the sense of being more thermodynamically consistent. 
The nature of the differences in the data was indicated from a plot 
of the isothermal vapor compositions against liquid compositions. It 
was noted that the ̂ 5 degree isotherm did not fall between the kO and 50 
degree isotherms as one would expect. Instead there appeared to be a 
shift of the data of reference (58) when contrasted to that of (62) result-
ing in considerable differences in the slopes of the curves. 
The various constants used in. the computations of the excess chemi-
cal potentials, from equations(51) and (32)^ other than total pressures 
and compositions, are summarized in Table 5^. The virial coefficients of 
each of the components were computed from a Berthelot-type equation 
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(equation (96)) which was f i t t ed to the avai lable experimental data as 
shown in Appendix B. The v i r i a l coefficients of the mixture were com-
puted from the assumed mixture law for non-polar-polar vapor mixtures as 
discussed in Appendix A. 
All the sets of isothermal experimental data for the system, 
benzene-ethanol were tested for thermodynamic consistency by the method 
outlined in Chapter V. The resu l t s of these computations are summarized 
in the following paragraphs. 
Using the k'p degree isothermal data of reference (38), the poly-
nomials which gave the smallest sums of squares of deviations for the 
Gibbs-Dutvem equation were of degree eleven expl ic i t in the vapor composi~ 
t ion and of degree ten expl ic i t in the t o t a l pressure. Tables 55 ^^^ 36 
indicate the f i t s obtained by these polynomials to the observed data . 
Table 57 summarizes the values of the sums of sqioares of residuals and 
the standard deviations for the different degrees of f i t t i n g polynomials. 
I t should be noted that in t h i s pa r t i cu la r instance the select ion of 
f i t t i n g polynomials using leas t squares theory would Indicate polynomials 
of degree eleven to both cases on the basis of the smallest standard 
deviat ion. 4t bes t , however, the select ion would be d i f f i cu l t to jus t i fy . 
The use of the addit ional condition Imposed by the Gibbs-'Duhem equation 
make the select ion automatic. 
For the selected polynomials, the sum'; of squares of deviations 
from zero for the Glbbs-Duhem eqimtlon was 83.5 calor ies per gram-mole. 
The Integral of the excess chemical po ten t ia l differences was -0.2? c a l -
ories per gram-'mole. A summary of the computations appears in Tables 38 
l^k 
through kl. The values of Table kO are plotted in Figure 27. From an 
examination of Figure 27^ it would appear that more data were required in 
the dilute alcohol concentrations» This data is considered to be thermo-
dynamically consistent in view of the other systems studied in this thesis. 
• Table "^kc Summary of the Constants Used 
In the Excess Chemical Potential 
Computations for Ethanol (l)--Benzene (2). 
T° C V V 
1 2 
l i t e r s / m o l 
-B(T)^ -B(T)2 
l i t e r s / m o l 
-B(T)^2 
mm. Hg. 
ifO 0.060 0.091 2.065 1.261 .952 15^0 02 182.78 
^5 0.060 0.092 1-967 1.219 .921 172.87 225 . 7^ 
50 0.060 0.092 1.875 I 0 I 8 I .891 220.91 271-28 
60 0.061 0.095 1-705 l.l^it- .856 551-^8 591-^7 
Testing the isothermal data of reference (62)^ i t was found tha t 
there were no combinations of f i t t i n g polynomials which gave sums of 
squares of deviations for the Gibbs-Duhem equation to be less than 6OO 
calor ies per gram-mole a t any of the three temperatures (^0^ 50, and 60^ 
C,). I t was therefore concluded that these data could not be s a t i s -
fac tor i ly f i t t ed by these orthogonal polynomials within the consistency 
c r i t e r i on . The polynomials which gave the smallest sums of squares of 
deviations for each temperature are suumiarized in Table 42. 
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Table 55» F i t of Vapor Composition y ( e thano l ) 
t o t h e Liquid Composition x-, by a polynomial 
of Degree Eleven for t h e System Ethanol ( l ) - -Benzene (2)0 
x_ L i q u i d y,, Vapor 
J. 
y^ Vapor D i f f e r e n c e D e r i v a t i v e 
C o m p o s i t i o n Compos i t i on 
(Obse rved ) 
C o m p o s i t i o n 
(Computed) 
•^1 " ^ 1 
d y / d x 
. 0 0 0 0 . 0000 " . 0 0 0 0 0 " . 0 0 0 0 0 8 . 1 8 
. 0 5 7 ^ 0I965 019651 c00001 5 . 0 8 
•.0972 ^2895 .2894 - . 0 0 0 0 2 068 
.2185 o5570 0 55 704 0 00004 . 5 0 
. 5 1 ^ 1 .5625 -56240 "000009 o25 
0^150 o5842 .58452 .00012 .20 
.5199 0^065 o407l4 000064 025 
.5284 . 4 1 0 1 .40920 - . 0 0 0 8 9 . 24 
.6155 .4545 .45460 .00050 .54 
07087 , 4 7 5 1 47492 - , 0 0 0 1 7 •52 
.8102 -5456 054568 .00008 • 95 
»9193 .7078 .70774 - . 0 0 0 0 5 2 . 5 0 
. 9 5 9 1 . 8 2 0 1 .82014 0 00004 5 . 4 4 
1 .0000 1 .0000 .99999 - . 0 0 0 0 0 5 . 5 8 
Sums of squares of r e s i d u a l s == 0.00000.59 
Standard d e v i a t i o n = O.OOO68 
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Table 56. Total Pressure^ P̂  to Liquid Compos ition_ 
X-, , by a Polynomial of Degree Ten for the 
System Ethanol (l)--Benzene (2)« 
X , Liquid 
To ta l 
mm<, Hg. 
(observed) 




D e r i v a t i v e s 
dp/dx 
.0000 225.51 225-515 .005 1865 -17 
.057^ 271.01 270.992 - .017 804.78 
0O972 296.55 296.554 .024 191.51 
o2l85 506.55 506.508 - . 0 4 l 44.45 
051^1 509.55 509.590 .060 14,71 
A15O 509.59 509.542 - .047 -9.56 
05199 507-46 507-585 - .076 -54.75 
.5284 • 506.99 507.075 -085 -57-81 
-6155 502.05 502.088 .058 "79-86 
.7087 291081 291-746 - .065 -146-50 
.8102 271.08 271-150 .050 -274.86 
09195 227-72 227.669 - .050 "547-52 
»959l 205.28 205-519 .059 •^77-26 
1.0000 172.87 172.861 - .008 -811.02 
Sums of squares of residuals - 0.0^4 
Standard deviation = 0.O92 
1.57 
Table 57° Listing of the Sums of Squares of Residuals_, 
r., and the Standard Deviations (S. Do) for 
Various Degrees of Fitting PclynomialB for the Fourteen 
Isothermal Data Points of the System-
Ethanol (l)""Eenzene (2) at 45̂ " Go 





X u XviXJi, 
S.D. 
T o t a l 
r . 
1 
P r e s s u r e 
S.D. 
2 0 .1006^ O0O92 17^1-7.0 1 2 . 1 
5 OcOi57 0 . 0 5 8 1 7 4 1 . 0 1 2 . 6 
k O0O157 O0O59 45I0O 6.6 
5 O0OO27 0 . 0 1 7 2 0 8 . 0 4.8 
6 O0OO19 0 .016 6 2 . 9 2 . 8 
7 O0OO059 0 .0075 15 o9 1.5 
8 Oo00015 0 .0050 4.5 0 . 8 7 
9 Oo000020 0 . 0 0 2 0 0 . 2 9 0 . 2 4 
10 0.00000,55 0 .0012 0.05-*4 0 .092 
11 0 .0000014 0 . 0 0 0 6 8 0 ,012 O0O65 
12 0 .0000012 O.OOO7S 0 . 0 1 1 0 .075 
15 Oo0000012 0 . 0 0 1 1 0 OoOli 0 . 1 0 6 
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Table 5 8 . Constants for t he Conputation of I n t e r p o l a t e d 
Values;, by the Orthorgonal Polynomials _, for t h e 
Vapor Composition and To ta l P ressures for 
t he System Ethanel-Jiensene a t 45" Co 
Vapor P ressu re 







1 ok^k9k2Q^ 271.412850 .51022142 .000000000 
2 067931552 -62.220955 049077555 .109775 5 v8o 
5 „45s76979 -599.705500 .50443958 0079584257 
k 5062764760 -29o46l727 „48994755 .0527^5626 
5 -.26554868 -1758.540600 ,51658815 .065661256 
6 2 lo 64547600 2852.025500 .48621521 .065764707 
7 "18»54010900 -8519.782400 .52557^72 .075490990 
8 117005698000 20405.142000 ,49020651 .055665861 
9 -196088474000 -42475.58S000 ,48085916 0055897825 
10 5 91 ..25 090000 106456.850000 .44541065 .059260129 
11 -756.95626000 .56068226 .070028007 
k 
Where y, ( x ) - V c . P , ( x ) 
1=0 
































^ 6 = i 
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Table 59• Interpolated. Values of the Vapor Composition 
and Total Pressure and Their Derivatives for the 
System Ethanol (l) - Benzene (2) at 45^ C„ 
Using the Polynomials of Table 37^ 
^ 1 ^ 1 
dy/dx-j p (mm. Hg.) d-g/dx-. 
1 .010 .0722 6.546 240.28 1500.89 
2 .020 .1282 4.896 255.74 1201.10 
5 .050 . 1712 5 "760 264.49 956.00 
k .cho .2042 2.878 275.02 757.06 
5 0050 .2295 2.200 279.76 596.84 
6 „o6o .2488 1.685 285.06 • 468.87 
7 
1 .070 .2656 1.298 2S9.22 567 .61 
8 0080 .2751 1.011 292.49 288.25 
9 .090 o284l .802 295.05 226.75 
10 olOO .2915 .652 297.07 179.58 
20 .200 .5314 ,514 505.65 49,24 
50 .500 o5590 .240 509.15 19.25 
ko .ItOO . 5 8 i i .210 509.66 -6.54 
50 .500 ,4025 oc2u 508000 -28.55 
60 .600 o4295 .526 505.25 "71.02 
70 .700 .4704 .507 292.98 •=159.00 
80 .800 -5564 .871 275.84 -257.36 
90 ,900 .6670 1.927 257.66 "488,55 
91 ,910 .6872 2 .111 252.62 -518.66 
92 .920 .7095 2.519 227.28 -549.72 
95 »950 '7557 2.554 221.62 -581.60 
9k ,9^0 .7605 2 .S2I 215.65 "614,11 
9.5 .950 .7902 5.127 209.54 -647.06 
96 .960 .8252 5.479 202.70 -680.25 
97 «970 .8600 5 .88^ 195.74 -713.45 
98 .980 .9012 4,565 188.44 -746.44 
99 .990 .9475 4 .921 180.81 -779.05 
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Table kO. Computed Values of t h e Gibbs-Duhea Equation 
for t h e System Ethancl (1)-"Benzene (2) a t 4.5'̂  C 
b[i-^ h\i,^ 
\ ^ 1 
^ "—^ 4- x^ •r~^ 
1 dx 2 dx 
J- J . 
. 0 1 00723 1 .08 
e02 .1282 "o57 
. O i l .20^5 - 1 . 5 4 
005 o2295 - i o 5 0 
.06 .2I188 - 1 . 2 0 
o07, .2636 - . 8 0 
. 0 8 02751 - . 4 5 
0O9 .28^11 -.2k 
o l O .2914 "o51 
o i l »2973 - . 6 7 
0 I 2 .5024 "1 .2S 
0 I 5 . 5068 " I . 9 2 
Ik . 5109 - 2 . 5 5 
.15 0,511^6 " 2 . 9 6 
.16 ,5182 - 3 . 1 8 
o l 7 .5216 - 5 o l 8 
0 1 8 "5250 2o99 
. 1 9 .5282 "2 067 
. 20 .5511+ - 2 . 2 7 
o21 055^5 - 1 . 8 2 
.22 •5576 - 1 . 5 8 
»25 .5405 -.97 
.2k .^k^k - . 6 1 
o25 .5^62 "o33 
.26 .5489 - . 1 2 
•27 .5516 - . 0 0 
. 2 8 . 5 5 ^ 1 c04 
. 2 9 .5566 .05 
. 50 •5591 - . 0 5 
"51 .5614- - . 1 4 
"32 o5658 "o27 
»55 ,5660 " . 4 0 
.34 .5685 - . 5 1 
»35 05705 - . 6 0 
.36 . 5727 -.65 
. 3 7 . 5 7 ^ 8 -.67 
. 3 8 05770 "06'^ 
. 3 9 o579l " . 5 9 
. 4 0 .5812 - . 5 0 
. i l l 03853 - . 3 9 
.42 05854 - . 2 7 
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4810 - o O l 
4867 -0O3 
4927 -„05 
4990 - . 0 7 
5057 "0O8 ' 
5127 "»09 
5201 -»09 





Table i+Oo (Continued) 
^ ^ 1 ^ p 
X, y X.. •^—• + x ^ ^ - ^ 
1 1 i ox 2 ox 
.85 c'^636 oOO 
,84 «5768 0O2 
,85 «5889 .Oif 
,86 .6020- ,05 
.87 06162 0O5 
,88 »6517 0O5 
,89 o6486 oOO 
,90 .6670 -»05 
,91 .6872 -«07 
92 .7094 "-12 
.95 .7557 ".16 
.94 »76o6 - . 2 0 
.95 "7905 - .22 
,96 -8255 "»25 
97 .8600 -<.22 
,98 .9012 "c l9 
.99 .9^76 -..16" 
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Table î-lo Computed Excess Chemical P o t e n t i a l s for 
t he Sys t em ̂  Et hano 1 (1) •= -Benz ene (2) Us liig t h e 
Polynoi2iials Giving t h e Minimum Sums of 
Squares of Devia t ions t o t he Gihhs-Duhem. Eqimtion, 
Units of RT lii 7-, a r e l i ter-atmygmo -mole 
Units of ji. a r e calo/gm-moieo 
^ 1 ^ 1 
RT I j ; , 7 RT I n y^^ 





„ 0 1 , 0 7 2 5 6 0 , 2 5 016 1,465 0 4 6 5 o 5 B 1 4 6 0 , 0 8 
. 0 2 01282 5 8 0 5 2 o25 l 4 2 0 o 5 5 4 , 5 1 I 4 l 6 o 0 4 
»05 , 1 7 1 5 5 6 , 5 7 o25 i 5 7 2 o 2 8 4 , 8 9 1 5 6 7 . 5 8 
. 0 4 , 2 0 4 5 5 4 , 4 9 , 2 9 1 5 2 0 , 9 , ^ 5 - 6 2 15150 5 5 
"0") c2295 5 2 . 5 5 o56 1 2 6 8 , 2 1 7 o l 4 1 2 6 1 , 0 7 
006 , 2 4 8 8 5 0 , 1 9 h '7 0 r [ 1 2 1 5 o 5 l 9o 5 6 1 2 0 5 , 7 5 
. 0 7 . 2 6 5 6 4 8 , 0 5 060 11.65 015 1 2 , 8 2 1 1 5 0 , 5 5 
. 0 8 , 2 7 5 1 4 5 . 9 7 , 7 7 1 1 1 2 , 4 1 160 76 1 0 9 5 . 6 4 
e 0 9 , 2 8 4 1 4 5 o 9 6 o95 1 0 6 5 0 5 6 2 1 , 2 4 1 0 ^ ' 2 . 5 2 1 
. ,10 , 2 9 1 4 4 2 , 0 5 1 , 1 6 1 0 1 6 , 9 4 2 6 0 1 0 9 9 0 . 8 5 1 
, 2 0 « 5 5 1 4 2 8 , 0 6 -5o46 6 7 7 , 0 5 8 1 , 7 6 5 9 5 o 2 5 ' 
. 5 0 " 5 5 9 1 19 0 % 6 0 1 4 4 7 7 0 8 8 l 4 6 0 85 5 5 I 0 O 6 
okO , 5 8 1 2 l 5 o 9 6 9 . 2 9 5 5 4 , 4 5 2 2 5 0 5 4 1 1 1 , 0 9 
«.50 , 4 0 2 5 9 o 4 2 1 2 , 9 9 224-, 15 5 1 5 o52 - 8 9 0 I 9 
»6o , 4 2 9 4 5 o 9 4 1 7 , 2 1 1 5 9 0 6 7 4 1 5 . 9 7 - 2 7 6 0 2 9 1 
,vo o470^- 5 o 5 9 2 1 , 8 7 7 8 , 0 9 5 2 9 0 7 1 - 4 5 1 , 6 2 \ 
, 8 0 05565 1 , 5 8 2 7 o 2 2 5 4 , 2 4 6 6 0 , 5 2 - 6 2 6 . 2 8 { 
, 9 0 . 6 6 7 0 , 4 8 5 2 , 9 7 8 , 8 2 8 0 2 , 7 0 " 7 9 5 0 8 8 1 
, 9 1 , 6 8 7 2 , 4 2 5 5 o 5 5 7 , 5 1 8 1 6 0 6 4 " 8 0 9 0 5 5 i 
»92 0 7 0 9 4 o55 5 4 , 0 8 5 o 9 4 8 5 0 , 4 4 "824,49 1 
. 9 5 o 7 5 5 7 o29 5 4 , 6 5 4 , 7 5 8 4 4 , 0 7 •"859o54 i 
o94 , 7 6 0 6 , 2 4 5 5 ^ 1 6 5 o 6 4 8 5 7 0 5 4 - 8 5 5 0 8 9 ! 
095 07905 , 1 9 5 5 o 6 9 2 o 6 9 8 7 0 , 8 2 " 8 6 8 , 1 2 1 
. 9 6 08255 , 1 4 560 2 1 1 , 8 6 8 8 5 , 9 0 - 8 8 2 , 0 5 1 
. 9 7 , 8 6 0 0 , 1 0 5 6 , 7 1 1 , 1 7 8 9 6 , 7 7 - 8 9 5 0 5 9 ! 
, 9 8 , 9 0 1 2 , 0 6 5 7 o 2 1 , 6 1 9 0 9 o 5 9 - 9 0 8 0 7 7 j 
" 9 9 , 9 4 7 6 , 0 2 5 7 o 6 9 , 2 1 9 2 1 , 7 6 - 9 2 1 o ' ^ 4 1 
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Table 42.. Polynomial Degrees in Terms of Least Sums 
of Squares of Dev ia t ions from the Gibbs-













ko 11 10 y^-ok -9.98 
50 11 10 670 • ^ ^ ^ * 
60 11 11 25^^ "51.5 
/ E E \ T 
l^i - \i^ ) d x , 
• X " ^ 
Not c a l c u l a t e d . 
Dens i ty da ta were a v a i l a b l e a t 46..2^ C (7?) from which t h e c o r r e c -
t i o n s to the Gibbs-Duhem equat ion were computed» I t i s assumed t h a t the 
va lues of AV a r e approximately the sam.e a t ^^^O^ as those a t k6c2° C 
Thus t h e l a s t column of Table ^5 i n d i c a t e s t he magnitude of t h e c o r r e c t i o n 




4- ( 1 
b\i, E 
X-, ) •—' 
1 J^x, 
••-'. A V 
dx. (67) 
Thus, in this celse of ethanol-benzene at 45<.0° C.,the contribution 
of the corrective term is less than the experimental error„ Since density 
data for binary mixtures is relatively scarce and the corrective terms 










Table 45« Computation of AV and AY -^ 
dx 
For the System Ethanol (l)~"Benzene (2) 
at if6o2'' C. and 45.0° C. 
Wtc io EtOH Mol F rac t St OH Y^^^ AY , (AV " ^ ) ~ 
' ml ml ' dx mol 
12o89 0.2006 85c48 0o295 -46 x lo'"^ 
20.17 0,2999 78.79 - 5 o l i o 1.9 X 10"^ 
370 14 0.5004 72.53 "2.748 2o48 x 10'"^ 
57.88 " 0.6997 66.65 "2.052 9 .1 X 10"^ 
84.16 0.9001 60 .51 "I .589 24 .7 X 10"^ 
94.99 0.9698 58o4l -1.380 31-4 X 10°^ 
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AEPEriDIX D 
SUMMARY OF TREATMENT OF BINARY SYSTEMS 
In t h i s Appendix t h e computations fo r the parameters t o t h e 
s tandard b i n a r y a c t i v i t y c o e f f i c i e n t equat ions fo r t he b i n a r y systems 
used in t h i s stiidy a r e summarized 'with t h e r e s u l t s p resen ted in s e t s of 
t a b l e s . The da ta for t he se systems were taken from t h e l i t e r a t u r e and 
t h e re fe rences a r e given in t h e b i b l i o g r a p h y a t t h e end of t h i s t h e s i s . 
The b i n a r y systems a r e ca tegor i zed accoixiing t o t h e d i s c u s s i o n s in 
Chapter I I I of t h i s t h e s i s . F i r s t t h e n o n - i d e a l b i n a r y systems a r e 
d i scussed and then t h i s i s followed by a d i s c u s s i o n of t he p a r t i a l l y 
mi sc ib l e systemfs used in t h i s work. The n o n - i d e a l m i s c i b l e systems a r e 
d i scussed l a s t . The parameters a r e c a l c u l a t e d accord ing t o t h e p r o c e -
dures given in Chapter I I I . 
Two i d e a l b i n a r y systems a r e d i s c u s s e d . Nine p a r t i a l l y mi sc ib l e 
b i n a r y systems and e igh t mi sc ib l e b i n a r y systems a r e d i s c u s s e d . These 
n i n e t e e n b i n a r y systems a r e t he compon.ents of t h e e igh t t e r n a r y systems 
presen ted in Chapter IV of t h i s t h e s i s . 
Data for t h e p h y s i c a l p r o p e r t i e s were g e n e r a l l y a v a i l a b l e in t h e 
source paper* Vapor p r e s s u r e d a t a when not a v a i l a b l e were computed by 
t h e Antoine equat ion using t h e cons t an t s from Dreisbach ( l O l ) . Densi ty 
da t a when not a v a i l a b l e in t h e source paper were obtained, from re fe rence 
(102) for the hydrocarbons and from re fe rence (I05) for o the r compounds. 
V i r i a l c o e f f i c i e n t da ta a r e given in Appendix B<, 
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I d e a l Birxary Systems 
n"hep tane""cyc lohexane . - -Vapor - l iqu id equ i l i b r ium da ta obta ined under 
i so thermal cond i t ions of kO and Q0° Co by Creutzen, Easse^ and Sieg (89) 
i n d i c a t e t h a t the excess f ree energy i s n e g l i g i b l y small a t t he s e tem.-
p e r a t u r e s . Thus t h i s system was considered to be i d e a l and t h e param-
e t e r s of the s tandard equat ions were s e t equal t o ze ro . 
n - o c t a n e - - i s o o c t a n e . ° - T h e i s o b a r i c da t a of Eromiley and Quiggle (90) 
a t 760 mm. Hgo p r e s s u r e i n d i c a t e t h a t t h i s mixture of isom.ers has a 
smal l excess f ree energy and t h e r e f o r e t h i s b i n a r y system was cons idered 
t o be idealo The parameters of t h e s tandard equat ions were se t equal t o 
zero and no f u r t h e r computations were made wi th t h i s system^ 
P a r t i a l l y Misc ib le Binary Systems 
Furfura l -"cyclohexaneo --The l i q u i d equ i l i b r i um of t h e p a r t i a l l y m-iscible 
b i n a r y system,,, fu2\fural--cyclohexane^ was i n v e s t i g a t e d by both Bethea 
(17) and Pennington and Marvfil (I6)-. This system has an upper c r i t i c a l 
s o l u t i o n tempera ture of 66»2^ C. I s o b a r i c v a p o r - l i q u i d equ i l i b r i um da t a 
a t 760 mm. Hg. p r e s s u r e have been publ ished by Thornton and Garner (91)° 
The tempera ture rsmge of t h i s s e t of data^ 81.4 t o l6l<.7 d e g r e e s , i s too 
l a r g e t o be of any e x t r a p o l a t i v e va lue t o ob t a in ing i so the rmal parameters . 
Using some d i s c r e t e da t a p o i n t s a t a s p e c i f i e d p ressure^ tem_perature, and 
vapor and l i q u i d composit ions of t h i s b i n a r y system,, a simple check of 
t h e e x t r a p o l a t i v e va lue of using a p a r t i c u l a r model and t h e r e c i p r o c a l 
t empera ture r e l a t i o n s h i p s (40) may be ob ta ined . For i f , say t h e Margules 
model was assumed t o d e s c r i b e t h e excess f ree energy in t h e homogeneous 
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regions^ the parameters can "be computed as a funct ion of t he temperaturej , 
wherever the mixture i s immiscible^ from t h e mutual s o l u b i l i t y data^. and 
t hen checked by v a p o r - l i q u i d equ i l i b r ium da ta a t tempera tures above t h e 
c r i t i c a l s o l u t i o n temperature,, The d isadvantage of using d i s c r e t e va lues 
of the v a p o r - l i q u i d da t a i s t h a t t h e s e va lues may not be c o n s i s t e n t w i th 
r e spec t t o t he o the r da ta va lues of t h e v a p o r - l i q u i d e.xperim.ent<. Som̂ e 
sample r e s u l t s a r e given in. Table % t e s t i n g the e x t r a p o l a t i o n of t h e 
Margules model from lower t o h igher temperatures» The va lues obta ined 
a r e s u f f i c i e n t l y c lo se to t h e observed va lues t h a t i t i s not unreasonable 
t o s t a t e t h a t t h e r e c i p r o c a l tem.perature m„ethod along wi th the Margules 
equat ions d e s c r i b e t h e homogeneous regions f a i r l y wello I t should be 
noted t h a t t he da t a of r e fe rence (.91) show cons ide rab l e s c a t t e r which was 
probably due t o t h e fac t t h a t t h e f u r f u r a l concen t r a t i ons could only be 
measured to one per cent accuracy . 
Furfura l""n"heptaneo--The l i q u i d equ i l i b r ium of t h e p a r t i a l l y m i s c i b l e 
b i n a r y system, f i ; r fu ra l - -n -hep tane^ was i n v e s t i g a t e d by both Eethea (17) 
and Pennington and Marwil (l6)<. I s o b a r i c v a p o r - l i q u i d equil ibr ium, da t a a t 
760 mnic Hgo p r e s s u r e were publ ished by Garner (92)0 A check was made of 
t h e t empera ture dependence of the Ma.rgules model in a manner s:imilar t o 
t h a t of t h e system-.̂ , furfural-•^-cyclohexane,, The summ.ary of t he computa-
t i o n s (given in Table k-6) in.dicate t h a t t he r e c i p r o c a l temperatur-e and 
the Margules two-parameter r e l a t i o n s a r e s a t i s . f a c t o r y t o use .in d e s c r i b i n g 
t h e hom^ogeneous regions of t h i s system.. 
Table k^ g ives t h e va lues of t h e parameters which were used in 
t h e t e r n a r y computat ions . 
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Table kko Summary of Computations for the Temperature 
Dependence of t h e Margules Tvo-Constant Model 
For t he Binary System, F u r f u r a l ( l )""Cyclohexane ( 2 ) . 
Experimental Lata of Reference (91)-
l i q u i d composit ion x, 0o2001 0o6022 
vapor composition y, Oo9265 0.9^7^ 
tempera ture t ° C. 9 I . 7 84,6 
p r e s s u r e mm. Hg. 76O0O 76O.O 
From a p l o t of A-,̂ ,̂ A -̂, versus t h e r e c i p r o c a l of t h e a b s o l u t e tempeirature, 
assuming a jyiargules two parameter model for t h e excess f ree energy^, t h e 
fol lowine va lues a r e read : 
t empera tu re . ( t ° C ) 91.7 84.6 
^12 
0.698 0.761 
^ 2 1 
0.658 0.698 
Using these values and assuming the vapor phase to be idea l , the follow-
ing values of the vapor composition are computed and compared with the 
experimental data . 
Calculated furfural vapor compositions 
temperature, ( t ° C.) 9I .7 84.6 
y 0.9005 0.941 
(^ I ' ob . . - (^l^calc. °-°26 0.006 
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Table k^<. Parameters of the Standard Equations 
For the System, Furfural (l)--Cyclohexane (2) 













Temperature in Degrees Centigrade 

















Ani l ine- -n-hep taneo -"--The only da t a found for t h i s system were mutual 
s o l u b i l i t y da ta a t 25 degrees cen t ig r ade ( re fe rence (4-5))^ and i so thermal 
vapor-^liquid equ i l i b r ium da ta a t 51''5° 0. ( r e fe rence (95) )" 1- t he mutual 
s o l u b i l i t y da ta were a l s o a v a i l a b l e as a funct ion of t empera tu re , then an 
e x c e l l e n t oppor tun i ty i s afforded to determine t h e bes t c o r r e l a t i n g equa-
t i o n for t he system by using the i so thermal v a p o r - l i q u i d da t a as a check. 
Considering a n i l i n e as component one and n-heptane as component two, t h e 
following parameters t o t he s tandard b ina ry equat ions were obta ined from 
t h e mutual s o l u b i l i t y da t a of r e fe rence (^5) : 
Table k6o Summary of Computations for the Temperature 
Dependence of the Margules Two Constant Model for 
the Binary Systems;, Furfural (l)-"n'-heptane (2). 
172 
Experimental data of reference (92): 
liquid composition^ x, 
vapor composition, y 
temperature, t° C, 























Table ^7° Parameters of t h e Standard Equations for 
t h e System, Fu r fu ra l ( l ) - ° n - h e p t a n e (2) as 
Determined Trom Mutual S o l u b i l i t y Data 





van Laar two-cons tan t 
^12 
^ 2 1 




Temperature in Degrees Centigrade 
50 60 90 
21 
1.576 1.099 0.855 
1.557 1.168 0.970 
1.5^0 1.105 0.845 
1.559 1,167 0.976 
1.540 1.105 - -
1.265 1-124 _ „ 
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Margules two-constant equation 
van Laar two-constant equation 
Scatchard-Hamer tv̂'o constant eauation 
^12 ^ 2 1 
l o 2 9 8 l o 5 5 7 
1 .298 1 .557 
1.276 1.5^6 
T a b l e kQ si:!imi]arizes t h e p a r a m e t e r s t o t h e s t anda rd , e q u a t i o n s a s computed 
from t h e v a p o r - l i q u i d d a t a o f r e f e r e n c e ( 9 5 ) . 
T a b l e kQo C o n s t a n t s o f t h e S t a n d a r d E q u a t i o n s 
E v a l u a t e d b y L e a s t S q u a r e s f o r t h e Sys t em, 






5 -cons tan t l o l 4 0 0o23^ 
2 -cons tan t l c l45 Oc870 
van Laar 
2 -cons t an t l o l 4 ^ 0»550 
Sc a t c ha rd, -Hamer 
3"Constant I c l ^ O Oo459 
2 -cons t an t l o l ^ 2 O0O718 
D 
12 
( a ) ( b ) ( c ) 
=0,759 OoOOOB 0 , 0 0 0 7 O0OOO6 
T- 0,0009 000008 000009 
-r — 0,0008 0,0009 
=0,40l|- 0 , 0 0 0 8 0 ,002 0 , 0 0 0 1 
0 ,62 0o4 0 ,15 
( a ) sums o f s q u a r e s o f r e s i d u a l s f o r t h e r a t i o o f a c t i v i t y c o e f f i c i e n t s , 
( b ) sums o f s q u a r e s o f r e s i d u a l s f o r a c t i v i t y c o e f f i c i e n t s o f com.ponent 
o n e , 
( c ) sums of sq i j a re s of r e s i d u a l s f o r a c t i v i t y c o e f f i c i e n t s o.f component 
t w o . 
17^ 
Benzene "-water, --This extremely inmiiscible binary system^ has been studied, 
by numerous investigators^ among whoir-̂ j Barbaudy (50) gave the most per t inent 
data . He conducted azeotropic d i s t i l l a t i o n s and determined the vapor com-
posi t ion in equilibrium with the two l iquid phases a t 69''25 degrees c e n t i -
grade as well as mutual so lub i l i t y datao The a c t i v i t y coefficients a t the 
phase compositions were computed^ assimrdng the vapor phase to be ideal;, 
to be as follows^ 
Benzene in wa.ter-rich phase. 7 = I55I a t x_^ = 0,00065 
•L/d 1 2 
water in benzene-rich phase ̂  7 = 89''9 a t x^ =: 0,011 
Since the concentration of the d i lu t e components was extremely small^ i t 
was assumed that these values of the a c t i v i t y coefficients would suffice 
for the parameters in the l imits independent of the model^ as suggested 
by equations (65) and {6h). 
lim log 7 = 5 "18 = A.^ 
x^-> 0 -̂  "^ 
l im log 7^ = 1,95 = A^^ 
x^ -> 0 
It was furthermore assumed that thes'e values were valid for a temperature 
of 60° C, for use in the computations on the ternary system, benzene-water-
pjrridine. 
In investigations with the .Margules three-constant equation̂ , it 
was noted that the parameter, D , affected the shape of the activity 
coefficient cuî res with large values causing the curve to approach the 
function^ l/x̂  in shape, Herington (100) had suggested that k/x is the 
mathematical representation of the activity coefficients in a binary two-
phase region. For extremely immiscible systems^ the value of k approaches 
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unitVo The value of D was therefore a r b i t r a r i l y increased and the 
12 
shape of the curve of the a c t i v i t y coefficients ivas obse.rved i,iritil a 
value of 6c20 vas obtained vhich most nearly approxiirated the curve 
l /x in the d i lu te regionso 
For computations a t 2,5° Oo the parameters were determined from 
mutual so lub i l i ty data of reference (50) to be^ A-, ̂  - 5o4-0 and A,,., = 
12 21 
2»06« The subscripts 1 and 2 denoted benzene and water respectivelyo 
Chloroform°°waterc. --This partially miscible system was studied by 
Reinders and deMinjer (46) who have determined the mutual solubility 
of this system at, several temperatures and the azeotrope vapor composi-
tion at 56012° C<, Other mutual solubility data have been reported by 
Gibby and Eall (9^).. Using the azeotrope data and the mutual solubil-
ity data J, the coefficients were computed at 25° C in a mann.er similar 
to that used for the system^ benzene-water.. The values of the parameters 
were assumed to be the lim.iting values of the activity coefficients as 
given by equations (63) and (,6h) c Thus for this system.̂  A-,p -- log 751 = 
2086 and A , = log 89 - l''95;> where the subscripts 1 and 2 denoted chloro' 
form and water respectively„ 
Nitromethane--n-hieptaneo ---The mutual solubility data of Kim.ura ,ê  aJL. 
{kk) at 30 degrees centigrade was used in the computations of the two-
parameter form of each, of the standard equations., Considering nitro-
methane as component one and n-heptane as component two^ the following 
results were obtained for the parameters to the standard equations: 
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Margules two-cons tan t equat ion 
van Laar two-constant equat ion 









Ani l ine-°cyclQhexaneo--This p a r t i a l l y mi sc ib l e system has been r a t h e r 
ext ,ensively s tud ied due t o t he c o n t r o v e r s i a l n a t u r e of t h e " f l a tnes s " 
of t h e curve of t h e mutual s o l u b i l i t y da t a . as a func t ion of t h e tem-
pera ture» For t he c o r r e l a t i o n s ^ the mutual s o l u b i l i t y da ta of Hunter 
and Brown (^3) a t 25° Co was usedo 
Roeck and Schneider (12) r epor ted i so thermal t o t a l p r e s s u r e mea-
surements for t h i s system in the regions;, which a r e d i l u t e in cyclohexane^ 
from 15 t o 75° Co in f ive degree i n t e r v a l s - When t h e a c t i v i t y c o e f f i -
c i e n t s ^ computed from the t o t a l p r e s s u r e measurements by equat ion ( I I 5 ) 
were compared to those computed by assuming a standard, model;, such as 
t h e Margules two-suf f ix model^ i t was found t h a t t h e l a t t e r va lues were 
c o n s i s t e n t l y l e s s than the va lues obta ined from t h e t o t a l p r e s su re mea-
surements,, I f equat ion (113) i s v a l i d 
7 cyclohexane 
^ t o t a l " ^1 ""l 
P ° X 
^2 ""2 
(113) 
t o a good approximation^ t h i s would i n d i c a t e t h a t t h e c o r r e l a t i o n constant; , 
A ,, i s too low. (Ap-, r e p r e s e n t s t h e va lue approached by the a c t i v i t y 
c o e f f i c i e n t of cyclohexane as the mole f r a c t i o n of cyclohexane tends 
toward zeroo) Roeck and Sieg (95) publ ished i so thermal v a p o r - l i q u i d 
equ i l i b r ium da t a a t k-0° Co for a n i l i n e concen t r a t i ons in mole f rac t ions ; , 
x <, of OoOOl < X <,0o271o These da ta were used t o obtain, t h e parameters 
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to the standard binary a c t i v i t y coefficient equations with the resu l t s 
shown in Table k9^ 
Both sets of data c lear ly indicated that the a c t i v i t y coefficients 
predicted from mutual so lub i l i t y data ware too low and accordingly both 
constants should be increaisedo The question was to what values should ' .-
they be increased.. I t was assTomed tha t the to t a l ' p re s su re measurements 
were re l iab le in both references (12) and (95) ^^^ thus by use of equation 
(113) for the computation of the a c t i v i t y coefficients^ the following 
constants were used independent of the equational form: A = 1«098^ 
A2^= 0,767. 
Non-^'ideal Miscible Binary Systems . , 
Ethanol--water., °-The vapor-liquid equilibrium data of Jones;, Schoenbom^ 
and Colburn (96) were used to compute the constants to the standard binary 
equations with the resu l t s sho•î m in Tables 55 and 5^» The data of re fe r -
ence (96) were not quite isothermal as f luctuations of one degree cen t i -
grade were reported^ I t was assumed that these temperature var iat ions 
were suff ic ient ly small so that the data could be considered to be i so -
theiraalo From an examination of columns (a)^ (b)^ and (c) of Tables 50 
and 51^ i t is concluded that the Margules 3"constant binary equations 
give the best f i t of the data^ The c r i t e r ion used in these tables (and 
in subsequent tables) is that the sums of squares of residuals as given 
in columns (a)^ (b)^ and (c) of the tables be the smallest . 
The vapor-liquid equilibrium data of Domte (6^) was used to com-
pute the parameters to the standa^rd equations a t 25° C« with the resu l t s 
given in Table 52. From an examination of the resu l t s of t h i s table^ 
none of the standard equations f i t the data very wel l . 
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Table k'^o Constants of t he Standard Equations Evaluatf 
by Least Squares for the System_j An i l ine (l)-=-
Cyclohexane (2) a t +̂0° Co 
A-^ ^21 ^12 ^^^ *'̂ ^̂  ^^) 
1 Margules 
, 5 -cons tan t 1.225 1«595 1.228 0.0014 O.O51 0.001 
1 
• 2=-constant 1.205 O.557 --- O.OO9 O.O7O 0.002 
I van ̂ Laar 
2-constant 1.204 O.559 -- -- O.O87 O.OOO5 
Sc a t c ha rd -"Hame r 
5-cons tan t 1.222 1.425 1.405 0.002 O.O74 O.OO5 
2 -cons tan t 1.201 O.58I " - O.OO8 O.O8O O.OO6 
t 
(a) sums of squa.res of residuals for the ratio of activity coefficients. 
(b) sums of squa,res of residuals for activity coefficients of component 
one« 
(c) sums of squares of residuals for activity coefficients of component 
two. 
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Table 5O0. Constants of the Standard Equations Evaluated 
By Least Squares for the System Ethanol (l)--
Water (2) at 50° C. 
•̂ 12 ^21 ^12 ^̂ ^ ^̂ -̂  ^"^ 
Margules 
5-constant 0.686 0.378 0.171 0„006 ' O.OOOB 0.00̂ 1-
2-constant 0.662 0.529 "" O.OO7 O.OOOS O.OO5 
van Laar ' 
2-cons tan t O.766 0.595 — " •— 0.005 0.29 
Scatchard-Hamer 
5-cons tan t O.588 O.kOG 0.102 0.001 0.25 O.O5 
2 -cons tan t O.6II O.557 — O.OO6 0.2i|- O.O5 
(a) sums of squares of r e s i d u a l s fo r t he r a t i o s of a c t i v i t y c o e f f i c i e n t s , 
(b) sums of squares of r e s i d u a l s fo r a c t i v i t y c o e f f i c i e n t s of component 
one. 
(c) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
two. 
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Table 5I0 Constants of the Standard Equations Evaluated 
by Least Squares for the System Etlianol ( l ) - -
Water (2) a t 60" C. 
12 
A 
2 1 l.'cl 
( a ) (b) ( c ) 
Ivfergules 
5 -cons tan t Oc68i 0.566 OolOil- O0OO8 O0OOO3 0,007 
2°cons tan t Oo 662 Oo548 -~ O0OO9 0,0005 0,007 
van Laar 
2 -cons tan t Oo6Qk 0»367 " • = - " Oc0005 0,011 
Sc a t c ha rd-Hame r 
3 -cons tan t O0616 Oo59if 0 , 1 1 9 0 ,0009 0,158 0,029 
2"Constant O0621 0»565 -.« 0 .009 0,1^7 0,037 
(a) sijms of squares of residuals for the ra t io of a c t i v i t y coeff ic ients , 
(b) sums of squares of residuals for a c t i v i t y coefficients of component 
one, 
(c) sums of squares of residuals for a c t i v i t y coefficients of component 
two. 
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Table 52. Constants of the Standard Equations Evaluated 
by Least Squares for the System Ethanol (1)=-== 
Water (2) at 25° C. 
"̂ 12 ^21 ^12 ^'^^ ^̂ ^ '̂'̂  
Margules 
5-cons tan t O.74I1. 0.2^1 O.O^T O.598 O.O73 0,185 
2 -cons t an t O0753 0^224 -- 0.600 0,122 0.180 
¥Bn Laar 
2 ~ c o n s t a n t Oo9if2 0.kT5 -- -"- Oa04l O.I8O 
Sc a t c ha rd-"Same r 
3 -cons tan t Oo68'̂  0o421 0.127 0o755 O.O6I 0.76 
2 -cons tan t O088O 00548 -^ O0616 O0O82 O.I5 
(a) sums of squrares of r e s i d u a l s for t h e r a t i o of a c t i v i t y c o e f f i c i e n t s 
(b) sums of squares of r e s i d u a l s fo r a c t i v i t y c o e f f i c i e n t s of component 
one 0 
(c) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component-
two o 
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Acetone"-^atero"-The vapor-liquid equilibrium data of Beare, e^ &lo (65) 
"was used in the computation of the parameters of the standard equations. 
The resu l t s of these computations are s'urmnarized in Table 55» From t h i s 
t ab l e , i t can be seen that the best f i t of the data in a least squares 
sense appears to be at tained by e i ther of the Margules equations. A plot 
was made of the a c t i v i t y coefficients computed by the standard equations 
against the a c t i v i t y coefficients determined from the experimental data. 
This plot showed none of the standard equations correlated very well with 
the experimental data. The reason for t h i s was that there were not many 
data points in the acetone-rich region- The constants to the Margules 
equations were adjusted to the following values, 
A^2 == 0.8^5 A^^ = 0,64 Dj_2 = 0.148 
where the subscript one referred to acetone and two referred to water. 
Acetone--chloroform. --The isotheiTmal vapor-liquid equilibrium data of 
Zawidski (97) at 55'17 degrees centigrade was used in the computation of 
the parameters to the standard equations. I t was assumed that the values 
of these parameters did not vary with a ten degree change in temperature 
for use in teimary computations a t 25 degrees centigrade. The values of 
the parameters are given in Table 54, While the f i t is not good, i t can 
be seen from Table 57 that the Margules and Scatchard-Hamer 5-constant 
equations f i t the data be t t e r than the other equations. 
Pyridine—benzene."-The only available data for t h i s binary system was that 
of Vriens and Medcalf (97) who published isobaric data a t 76O mm. Hg. The 
temperature difference between the two pure components was 55 degrees C. 
1 ^ 
Table 55„ Constants of t he Standard Equations Evaluated 
by Least Squares for the System, Acetone (l)-"= 
Water (2) a t 2,5'' C. 
A,2 A23 D ^ (a) ( t ) (c ) 
Margules 
3 -cons tan t Oo845 O0858 O0IA8 O0OO8 0^00^1- 0.021 
2"Constant O0852 0o764- "•= OoOlO O0OO5 Oo021 
van Laar 
2 -cons tan t Oo755 O0519 - - — O0IO5 O0OO8 
Scatchard-Hamer 
5 -cons tan t O0707 O055I =0o2H lo56 Oo910 0o205 
2 -cons tan t O06I8 0.499 "^ ^"kk O0950 O0I57 
(a) suas of squares of r e s i d u a l s for t h e r a t i o of a c t i v i t y coe f f i c i en t s» 
(b) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
oneo 
(c) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
tWOo 
i6k 
T a b l e 5 4 . Gonstarxts o f t h e S t a n d a r d E q u a t i o n s E v a l u a t e d 
by L e a s t S q u a r e s f o r t h e System^ A c e t o n e ( l ) " " -
Ch lo ro fo rm (2 ) a t 3 5 . 1 ? ° C. 
^12 "^21 "^12 ^^^ ^^^ '""^ 
I 
Margu les 
I 5 - c o n s t a n t -O.^kQ "0<,205 O0I67 0^050 OoOll O0O58 
2 - c o n s t a n t " 0 . 3 9 1 -00241 " - O0O55 0»013 O0O38 
van L a a r 
2 - c . o n s t a n t "-Oo5if8 -00205 -- - - O0O55 OoOk6 
\ 
Scatchard'==Hamer 
3"^cons tant -0o377 "06227 O0O33 
2 » c o n s t a n t -Oo386 "0o254 
( a ) sums o f s q u a r e s o f r e s i d u a l s f o r t h e i r a t i o o f a c t i v i t y c o e f f i c i e n t s 
(b ) sums of s q u a r e s o f r e s i d u a l s f o r a c t i v i t y c o e f f i c i e n t s o f component 
oneo 
( c ) sums o f s q u a r e s o f r e s i d u a l s f o r a c t i v i t y c o e f f i c i e n t s o f com_ponent 
two o 
00056 OoOlO 00039 
0 ,062 OoOll o,o4o 
jtmnftti^ittt^^m 
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•which tends t o i n d i c a t e t h a t to use t h i s da ta to approximate some mean 
isotherm would g ive poor r e s u l t s » However^ the exper imenta l obse rva t ions 
show t h a t the system d e v i a t e s only s l i g h t l y from i d e a l s o l u t i o n s hence as 
an approximation i t would "be expected t h a t the cons tan t s for t h e c o r r e l a -
t i o n s be smallo 
A summary of t h e va r ious c o r r e l a t i o n cons t an t s i s given in Table 
55* The bes t c o r r e l a t i n g equat ion in t h e l e a s t squares sense appears t o 
be t h e JMargules 3 "Constant equa t ion . 
Wate r -py r id ine . - -The i so thermal v a p o r - l i q u i d equ i l i b r ium da t a of I b l et_ 
a l . (63) a t 30 and 50 degrees c en t i g r ade were used in t h e computation of 
t h e parameters of t h e s tandard equa t ions . These r e s u l t s a r e given in 
Tables 56 and 57* For t h e t e r n a r y computations a t 60 degrees c e n t i g r a d e , 
i t was assumed thsit the parameters from t h e 50 degree da t a did not vary 
s i g n i f i c a n t l y wi th the tempera ture change. From an examination of Tables 
59 and 60 , i t was concluded t h a t t h e Margules 5"cons tant equat ions gave 
t h e b e t t e r f i t t o t h e a c t i v i t y coe f f i c i en t s . . 
Eenzene°°n-heptanec--The i so thermal da t a of Brown and Ewald (87) (83) a t 
60 and 80 degrees cen t ig rade have been used for t h e eva lua t i on of t h e 
parameters of t h e s tandard equations. , The r e s u l t s a r e t a b u l a t e d in Tables 
58 and 59° The va lues of t he parameters of t he s tandard eqi:iations a t 30 
degrees cen t ig rade were found by assuming a l i n e a r r e c i p r o c a l t empera ture 
r e l a t i o n s h i p . The values obta ined for t he two-cons tan t van Laar e q u a t i o n s , 
by t h i s procedure were, ^-ip ~ 0.127 and. A - 0 . 2 ^ 1 . 
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Table 55. Constants of the Standaixi Equations Evaluated 
by Least Squares for the System Pyridine ( l ) - -






12 (a) » (c) 
0.102 0.0̂ 9 -0,027 0.0010 0.0000 0.0009 
0.108 o»057 -- 0.0001 0.0000 0.0050 
van Laar 




0.157 0.094 0.151 0,0006 0.0005 0,0008 
0,105 0,050 - - 0.0010 0,0000 0.0005 
(a) sums of squares of residuals for the ratio of activity coefficients. 
(b) sums of squares of residuals for activity coefficients of component 
one, 
(c) sums of squares of residuals for activity coefficients of component 
two. 
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Table 56. Constants of t h e Standard Equations Evaluated 
by Least Squares for t he System V/ater ( l ) - -
Pyr id ine (2) a t 50° Co 
A ^ A^^ D^2 (^) ^"^ ( = ) 
Margules 
5 -cons tan t O.55I 0.837 I .IO6 0,01 O0OO7 0.001 
2 -cons tan t 0.2^5 0.65^ - " O.O5 0.02 0.02 
van Laar 
2 -cons tan t 0.2^1 0 .61^ "" - - 0.08 O.O9 
Sc a t c ha rd-Hame r 
3-constant 0.3^7 1.022 0.121 O.OO7 0.21 O.I9 
2"Constant 0.264 O.958 -- 0.02 O.I8 0.21 
(a) sums of squares of residuals for the ratio of activity coefficients 
(b) sums of squares of residuals for activity coefficients of component 
one. 
(c) sums of squares of residuals for activity coefficients of component 
two. 
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Table 57. Constants of the Standard Equations Evaluated 
by Least Squares for the System Water (l)--
Pyridine (2) at 50° Co 
A^2 ^21 ^12 ^̂ ^ ^"^^ ^""^ 
Margules 
5-constant 0-57'̂  1.172 1.̂ 55 0.04 O.OO5 0«03 
2-constant 0.202 0.948 -- 0«19 0.05 O.I5 
van Laar 
2-cons t an t OO5I 0.5^5 - - " - O.O'̂  O.O5 
Scatchard-Hamer 
5 -cons tan t O.517 1-297 0.047 0.02 0.46 O.I7 
2 - cons t an t 0.294 1.286 — 0.02 0.44 0.18 
(a) sums of squares of residuals for the r a t io of a c t i v i t y coefficients. 
(b) sums of squares of residuals for a c t i v i t y coefficients of component 
one. 
(c) sums of squares of residuals for a c t i v i t y coefficients of component 
two. 
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Table 580 Constants of t h e Standard Equations Evaluated 
by Least Squares for t he System, Benzene ( l ) - -
n-heptane (2) a t 60° C„ 
A ^ A^^ B^2 (a) (1.) (c) 
Margules 
5 -cons tan t 0.119 O/2O7 0„032 O0OO8 0.010 O0OO8 
2-cons tan t 0„109 O0I98 - - 0.009 0.012 0,009 
van Laar 
2-constant 0,ll6 0,2H — -- 0,012 0,008 
Scatchard -Earner 
3-cons tan t O.I9I 0.227 0.120 0.010 0.011 O.OO9 
2 -cons tan t 0,155 0.204 - - 0.012 0.010 0,010 
(a) sums of squares of r e s i d u a l s for t he r a t i o of a c t i v i t y c o e f f i c i e n t s , 
(b) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
one, 
(c) sums of squares of r e s i d u a l s fo r a c t i v i t y c o e f f i c i e n t s of component 
two. 
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Table 59» Constants to the Standard Equations Evaluated 
by Least Squares for the System^ Benzene (l)--
n-heptane (2) at 80° C„ 
V 2̂1 °12 "̂̂  ^̂ ' ^"^ 
Margules 
3-constant 0»ll6 O0I89 0,026 OoOlO 0,011 0,007 
2-constant 0,115 0,199 •=-° 0,011 0,009 0,008 
van Laar 
2-cons t an t 0,115 0,256 - " - - 0,010 0,008 
Scatchard-Hamer 
5 -cons tan t 0 , l46 0,201 0,011 0,015 0,011 0,011 
2 -cons t an t 0,155 0„204 -- 0,015 0,009 0 ,0 l4 
(a) sums of squares of r e s i d u a l s for t he r a t i o of a c t i v i t y c o e f f i c i e n t s . 
(b) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
one, 
(c) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
two. 
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Benzene--nitromethaneo--The Isothermal data of Brown (99) at ̂ 5 degrees 
centigrade was used to evaliiate the parameters of the standard equations. 
The parameters were assumed to be the same for 30 degrees centigrade and 
are summarized in Table 60, 
Table 60» Constants of the Standaixi Equations Evaluated by 
Least Squares for the System^ Benzene (l)--




A 12 A 21 D 12 (a) (b) (c) 
0.530 0..603 o<,248 o„oo6 OoOo4 O0O08 
0.535 0,556 -" 0,009 O0O05 0.007 
van Laar 
2-constant 0,535 0,556 0,008 0,007 0,006 
Scatchard-Hamer (not evaluated) 
(a) sums of squares of residuals for the r a t io of a c t i v i t y coefficients. 
(b) sums of squares of residuals for a c t i v i t y coefficients of component 
one, 
(c) sums of squares of residuals for a c t i v i t y coefficients of component 
two. 
Ethane 1'—^benzene. —-The isothenual data of references (38) and (62) were 
used to evaluate the parameters of the standard equations with the resu l t s 
shown in Tables 6I through 64. This system is discussed in Appendix C. 
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Table 6 l . Constants of t he Standard. Equations Evaluated 
by Least Squares for t h e System_, 
Ethanol ( l ) - -Benzene (2) a t 40" C« 
A ^ A^, D,2 (a) (b) ( c ) 
Margules 
5-constant 1,098 O.745 0„58l O.OO7 O.OO9 0.001 
2-constant 1,001 0,668 -- 0,051 0.002 O.OO5 
van Laar 
2-constant 1.010 0-620 -- — 0,012 O.OI7 
Scatchaixi-Hainer 
5 -cons t an t I.O56 O.706 0.^57 0,030 O.OO9 0.010 
2 -cons t an t O.9I8 0.637 "" 0.032 0.013 0.011 
(a) sums of squares of r e s i d u a l s for t h e r a t i o of a c t i v i t y c o e f f i c i e n t s , 
(b) sums of squares of r e s i d u a l s fo r a c t i v i t y c o e f f i c i e n t s of component 
one, 
(c) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
two. 
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Table 62» Constants of the Standard Equations Evaluated 
by Least Squares for the System̂ , Ethanol (1)-=-
Benzene (2) at -̂ S° 6« 
A-L2 Â -L D^2 (̂ ) (̂ ) (̂ ) 
Margules 
3-cons tan t loOl l 0,684 0,448 0,003 0,001 0,001 
2 -cons tan t 0,929 0,606 - - 0,015 O.OO5 0,005 
van Laar 
2 -cons t an t 0,815 0,560 - - - - 0,048 0,016 
Scatchaixi-Hamer 
3 -cons t an t 0,955 0,615 0,578 0,018 0,009 0,010 
2 -cons t an t 0,849 0,545 - - 0,016 0,010 0,012 
(a) sums of squares of residuals for the r a t io of a c t i v i t y coefficients, 
(b) sums of squares of residuals for a c t i v i t y coefficients of component 
one, 
(c) sums of squares of residuals for a c t i v i t y coefficients of component 
two. 
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Table 63° Constants of t h e Standard Equation Evaluated 
by Least Squares for t h e System Ethanol ( l ) - ~ 
Benzene (2) a t 5 0 ' C. 
A12 A^i ^12 ^^^ ^^^ ^""^ 
Margules 
5 -cons tan t 1„045 0„728 Oo450 0„0019 
2 -cons tan t Oc967 O0665 "- O0OI6 
van Laar 
2 -cons t an t lo546 O.656 "" — O.O99 0.028 
Scatchaixi-Hamer •, •..o • ' \ •' 
5 -cons tan t 0„991 O0690 Oo^B? O.OI7 
2 -cons t an t Oc886 0„628 
(a) sums of squares of residuals for the r a t io of a c t i v i t y coeff icients . 
(b) sums of squares of residuals for a c t i v i t y coefficients of component 
one, 
(c) sums of squares of residuals for a c t i v i t y coefficients of component 
two. 
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Table 6ho Constants of t he Standard Equations Evaluated 
by Least Squares for the System^ Ethanol ( l ) - -
Benzene (2) a t 60° C. 
h2 ^21 V (") (^' ( = ' 
Margules 
5 -cons tan t 0«986 O.JlQ 0,359 0<,0008 0,0001 O.OOO8 
2-cons tan t 0,930 0,664 - - 0,009 0,007 O.OOO9 
van Laar 
2 -cons tan t 1,463 0,65^ - - - ° 0,255 0,056 
Scat c ha rd "Earner 
3 -cons t an t 0,9^4 0,676 0,321 0 ,0 l4 0.010 0,009 
2 -cons t an t 0,860 0,622 - - 0,016 0,013 0,011 
(a) sums of squares of r e s i d u a l s for t h e r a t i o of a c t i v i t y c o e f f i c i e n t s , 
(b) sums of squares of r e s i d u a l s for a c t i v i t y c o e f f i c i e n t s of component 
one, 




EXPERIMENTAL WORK ON WO TERNARY LIQUID SYSTEMS 
In. t h i s A p p e n d i x , t h e e x p e r i m e n t a l work c a r r i e d o u t i n t h i s 
t h e s i s i s d i s c u s s e d and t h e e x p e r i m e n t a l r e s u l t s a r e p r e s e n t e d f o r t h e 
l i q u i d - l i q u i d e q u i l i b r i a of t h e t e r n a r y s y s t e m s , n i t r o e t h a n e - - n - o c t a n e - - ' 
i s o o c t a n e and n i t r o e t h a n e - - n - o c t a n e ' - ' - o c t e n e - l o The e x p e r i m e n t a l r e s u l t s 
i n d i c a t e t h a t n i t r o e t h a n e i s n o t a good s o l v e n t i n a l i q u i d s e p a r a t i o n 
p r o c e s s f o r n - o c t a n e from e i t h e r i s o o c t a n e o r o c t e n e - 1 . 
The t e r n a r y system, n i t roe thane -"n -oc tane -" i sooc tane was s tud ied 
a t 25 and 55° C, , whi le t h e system n i t r o e t h a n e " - - n - o c t a n e " - o c t e n e - l was 
s tud ied a t 0° Co The exper imenta l work i s d iv ided in to four s e p a r a t e 
s e c t i o n s : d e s c r i p t i o n of a p p a r a t u s , m a t e r i a l s used, exper imenta l p r o -
cedure , and exper imenta l r e s u l t s . 
D e s c r i p t i o n of appa r a t us.. --The appara tus in which the t e r n a r y l i q u i d 
samples were e q u i l i b r a t e d was t h e same as t h a t desc r ibed by S„C<,P<, Hwa 
(^O)o The major d i f f e r e n c e was t h a t new p a r t i t i o n columns were con-
s t r u c t e d for t he a n a l y s i s of t h e l i q u i d samples in t he model 154-B Vapor 
Frac tometer (manufactured by t h e Perkin-Elmer Corpo2ration of Norwalk, 
Connec t i cu t ) . Dimethyl su l fo l ane was found t o be s u i t a b l e as a s t a t i o n a r y 
l i q u i d fo r t he s e p a r a t i o n of oc t ene -1 from n - o c t a n e . A t h i r t y inch p a r t i -
t i o n column was prepared in t h e fol lowing manner: 
A q u a n t i t y of d imethyl su l fo l ane was weighed out in a smal l beaker . 
Then crushed f i r e b r i c k was weighed o u t , such t h a t i t was 2 .5 t imes t h e 
q u a n t i t y of dimethyl s u l f o l a n e . The f i r e b r i c k was of Johns-Manvil le C-22 
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t y p e . The dimethyl su l fo l ane vas poured .into an evapora t ion d i s h and 
the beaker was washed out wi th dimethyl ether., These ope ra t ions were con-
ducted under a l a b o r a t o r y hoodo Enough e t h e r was added t o cover t h e f i r e -
br icks Then t h e f i r e b r i c k was c a r e f u l l y added t o the dimethyl su l fo l ane 
in t he evapoi^ t ion disho The mixture was heated on a water ba th t o 
evaporate t he ether^ When the mixture appeared to be d ry i t was removed 
from the hood and l e f t to f u r t h e r d ry out over night» The powder was then 
c a r e f u l l y poured :into a l / 4 inch copper tube column^ 50 inches in l e n g t h . 
The procedure used was t o pour a smal l q u a n t i t y of t h e powder in t h e tube 
which vjas stopped up a t one end wi th glass-wool^ and then t a p t h e tube on 
a wooden b lock . The procedure was repeated u n t i l t h e tube was f i l l e d wi th 
powder. Then the tube was bent through an angle l80° and placed in t h e 
f r ac tomete r , A slow steam, of helium c a r r i e r gas was allowed to d i f fu se 
through the column for 2h hours . The column was never operated above 50° C. 
due to t h e p o s s i b l e e l u t i o n of t h e s t a t i o n a r y l i q u i d . The dim^ethyl s u l f o -
lane column was operated a t k-0° C, wi th a p r e s s u r e drop of 5 p s ig - ac ros s 
t h e column dur ing a l l the runs . 
For t he de te rmina t ion of t i e - L i n e s for the system^ n i t r o e t h a n e -
n -oc t ane - " i sooc t ane^ a combination of a po lye thy lene g l y c o l (carbowax 
1500) and a d i i s o d e c y l p h t h a l a t e p a r t i t i o n columns was used. These c o l -
umns^ des igna ted as K and A-columns^ r e s p e c t i v e l y , were a v a i l a b l e from 
t h e Perkin-Elmer Corpora t ion , The vaporized sample passed through t h e 
2 meter po lye thy lene g lyco l column f i r s t , and t h e n i t r o e t h a n e was sepa-
ra t ed from, t h e i sooc tane and normal octane« Some s e p a r a t i o n occurred 
between the i sooc tane and normal o c t a n e . These vapors then en te red t h e 
50"inch d i i s o d e c y l p h t h a l a t e column where a l l t h r e e components were f u r t h e r 
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separated^ The columns were made of l/k inch stainless steel tubing and 
operated at a temperature of ro8° C with a pressure drop of 22 psigo across 
the columnso 
Material usedo-°The hydrocarbons used in this study were donated by the 
Phillips Petroleimi Company^ and the nitroparaffins were donated by the 
Commercial Solvents Corporationo The materials were used as received 
without further purificationc The analysis for purity and detennination 
of the refractive indices were made by Hwa (4o) who concluded that the 
purity of the hydrocarbons and nitroethane was better than 99 weight per 
cent» 
Experimental Procedure,--The determination of the ternary equilibrium 
was accomplished in two distinct steps,, The binodal curve was deteimined_, 
on a weight per cent basis^ by the cloud point method, sometimes referred 
to as the synthetic method_̂  described by Void and Void {hi) c The deter-
mination of the composition of the conjugate phases in equilibrium was 
accomplished by using the analytic method (4l) with the analysis per-
formed on the Vapor Fractometer,, A brief description of these methods 
followsc 
Cloud point titrationso--Solutions of known weight per cent compositions 
were made up from the miscible binary pairs» These solutions were of 
approximately 3 to 5 milliliters in volume and were placed in a 10 mil-
liliter volumetric flask„ The stoppered flask was then placed in the 
constant temperature bath for thirty minutes_, with slight agitation^ to 
attain thermal equilibrium^ It was experimentally determined that thermal 
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equilibrium was attained in approximately 10 minutes_j by actually mea-
suring some samples with an Ansclfiitz thermometer» 
In addition^ tests were made on sample losses due to evaporation 
and it was found that losses reached one weight per cent upon standing 
with no stopper after six. hourso With the glass stopper on^ the losses 
reached one weight per cent in a period of 2k hourso Finally using a 
lightly greased glass stoppered flask covered with paraffin the losses 
were 0̂ 5 weight per cent after a weeko From the above testsj it was 
assumed that the composition change of the liquid due to evaporation 
was negligible during the experim.ental runso 
With the sample in the constant temperature bath at thermal equil-
ibrium^ the third component was added^ dropwise_, from a standard burrett 
whose tip was drawn out to decrease the drop size» The procedure was to 
add several drops^ agitate the mixture^ and then observe the solution. 
These operations were carried out in the constant temperature bath with 
the volumetric flask immersed to within a centimeter of its neck., The 
object of this titration procedure was to get a cloudiaess in the solution. 
In the precise determination of the cloud-point lies the greatest 
source of experimental errorj, since it is solely dependent upon the 
observer as to when the cloud-point is reached^ Some solutions give a milk-
white translucent appearance at the critical point and thus are easily dis-
cemable. In the case of nitroethane_j normal octane_, isooctane^ and 
octene-1 mixtures_, there was no distinct change of color from the clear 
mixture. Only the presence of finely dispersed globules or droplets of 
the second phase which were visible through a magnifying glass, which was 
used in all the cloud, point determinations, denoted the fact that the " • -
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c r i t i c a l po in t h a ^ b e e n reached,, 
Spec i f i ca l ly^ the f i r s t s ign of t he reg ion of t h e c loud-po in t was 
noted by the forniation of myriads of d r o p l e t s when a drop of t h e t h i r d 
component was added„ This second phase qu ick ly d isappeared upon a g i t a -
t i o n of t he mixturCo At t h i s p o i n t one must insure t h a t the second 
phase does indeed d i s appea r and not coa lesce i n to one drop a t the bottom 
or a t t h e top of t h e so lu t ion^ This source of e r r o r was avoided by s t i r -
r i n g the c l e a r s o l u t i o n a f t e r i t had been permi t ted t o stand about 10 
minu tes . I f t h e s o l u t i o n remains c l e a r a f t e r t he second s t i r r i n g ^ then 
t h e r e i s no second phase; o therwise t h e mixture w i l l con ta in many t i n y 
d r o p l e t s . Upon t h e a d d i t i o n of ano the r drop^ t h e mixture may aga in 
become s l i g h t l y opa lescen t and t h e above procedure i s repeated u n t i l 
t h e second phase does not d i sappear upon a g i t a t i o n . I t was noted t h a t 
fo r t he determineit ions made c lose t o t h e p l a i t pointy, i t was d i f f i c u l t t o 
d i s c e r n t h e d r o p l e t s of t he second phase . For t h i s reason^ many runs were 
d i scounted because t h e s o l u t i o n was t i t r a t e d pas t t h e cloud p o i n t . 
The cloud po in t was considered to be a t t a i n e d when a l l of the 
fol lowing cond i t ions were s imul taneous ly observed: 
(1) The s o l u t i o n cons i s t ed of a f ine mist of d r o p l e t s of t he 
second phase , 
(2) These d r o p l e t s did not show any tendency t o coalesce_, 
a l though a f t e r a per iod of t ime they did coa lesce t o one 
drop and s e t t l e t o the bottom or t o p . 
(5) After t he mixture of (2) became clear_, i t would aga in become 
d i spe r sed wi th t he s e d r o p l e t s upon a g i t a t i o n . 
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When the cloud point was attained the stoppered voliimetric flask 
was then removed from the constant temperature bath and carefully dried 
with absorbent paper» The bottle was th,en weighed^ and the increase in 
weight due to the addition of the third, component was notedo 
Analysis of the con,1ugate phaseso --Perhaps the greatest deterrent to 
obtaining ternary equilibrium data_, for many system.s_, is the analysis 
problem̂ o A good case in point is the difficulties presented by ternary 
mixtures of nitroethane^ n-octane^ octene-1^ and isooctane,, The simi--
larities of the physical properties indicate that the usual methods of 
analyses by gravimetric_, distillation^ or refractive index methods would 
lead to difficulties,. For these reasons it was felt that satisfactory 
analyses could be obtained by use of vapor chromatographic techniques <> 
Using the partition columns, which were previously discussed_, 
calibration curves were made by using ternary mixtures of known composi-
tions.. The basic premise of the calibration curve was that the ratio of 
the peak height of one component to the sum of the peak heights of all 
of the components, as shown on a vapor fractogram, remained invariant 
with composition, operating pressure, and column, temperature for any given 
columno Thus a plot was constructed of apparent weight fraction versus 
true weight fraction as determined from the ratios of peak heights on the 
fractogramc The peak heights on the fractogram varied on the average 
about five per cent9 occasionally being as great as twenty per cent, for 
each sampleo (Each sample was analyzed fro.m. three to ten timeso) The 
ratio of the peak heights, denoting the apparent weight fractions, remained 
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f a i r l y constant "being reproducible to within two per cento Thus the fo l -
lowing maximum errors were indicated from the ca l ibra t ion curves for the 
system: nitroethane-~n"Octane-~octene-l, for the composition r^nge 0 -
0c2^ an error of two weight per cent in the t rue composition; for the 
composition range 0o2 - loO_, an error of eight weight per cent in the 
true compos i t ion o For the systems nitroethane-~n'='Octane'-'"Octene-l; in 
the composition reinge 0 - 0<,5̂  a maximum, error of two per cent in. the t rue 
composition; in the composition range Oo5 " loO;, a maximum error of three 
per cent in the t rue composition was indicated., 
The determination of the t i e - l i n e s was made by analyzing the equil i-
brium conjugate phases separately,, From the cloud-point method,, the 
shape of the binodal curve was obtain.edo From th i s information a mixture 
of approximately I50 to 200 m i l l i l i t e r s of t o t a l volume was made up with 
a composition such that approximately equal volumes of both phases were 
present . The solution was contained in an equilibrium c e l l which in turn 
was immersed in the constant temperature bath. Approximately t h i r t y min-
utes were allowed for attainment of thermal equilibrium^ since i t was 
found that in a previous work thermal equilibrium was reached a f te r about 
ten minutes of s t i r r i n g (^O)o Samples were withdrawn from the upper and 
lower phases by techniques previously described (^O)o The compositions 
were determined by analyzing the sample in the vapor fractometer and read-
ing the resul ts off the ca l ibra t ion curvesc 
The data obtained by the previously described procedures are pre-
sented in Tables 65 through 68 and Figures 28 through 30., 
20^ 
Table 65<• Experimentally Determined Tie- l ine Data 
for the System: Nitroethane(l)--n-octane (2 ) - -
octene-1 (5) a t O'' Co (in weight fractions) 
T i e - l i n e Upper Pha s e Compos i t ion 
Lower Pha s e Compos i t ion 
^ 1 ^2 ^3 
1 0 , 0 7 9 0,668 0,253 
0„0886 0,083 0,031 
2 O0O99 0,515 0,387 
0 ,852 0,070 0,078 
5 0 ,126 0,371 0,503 
0 .812 0,065 0,123 
Table (^^^ Experimentally Determined. Solubi l i ty Data 
for the System: Nitroethane ( l ) - -
n-octane (2)--octene- l (3) a t 0° G, 
Weight Fractions of Each Component 
CJJ W (A) 
1 2 3 
0,058 0,9^2 0,0 
0.060 0,840 0.100 
0.069 0,731 0,200 
0.079 0,621 0,300 
0,098 0,502 o.iioo 
0,125 0.375 0,500 
0,167 0,250 • 0.583 
0.196 0,20^1- 0,600 
0.2^0 0,155 0,605 
0.280 0,120 0.600 
0.390 0.060 0.550 
0.509 o ,o4 i 0,̂ 1-50 
0,609 o.oi^i 0,350 
0,702 0,0i^8 0.250 
0.790 0.06Q 0.150 
0.870 0,080 0.050 
0,910 0,090 • 0.0 
20^ 
OCTENE - 1 
NITROETHANE n-OCTANE 
Figure 29. Experimental tie-line data for the system: nitroethane (l)--
n-octane (2)--octene - 1 (3) at O^C. in a weight percent basis 
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Table Gjc Experimentally Determined Tie- l ine Data 
for the System: Nitroethane ( l ) - -
n-octane (2)""-isooctane (3) a t 25° Co 




e r Phase 
e r P h a s e 
Compos i t i on 
Compos i t i ons 










0 . 0 7 7 
0 . 0 1 7 
0 .194 
0 . 8 7 8 
0 .754 
0 . 1 1 0 
0 . 0 7 2 
0 . 0 1 2 
2 Oo 1̂ 1-9 
Oo797 








0 , 5 0 8 





0 . 4 9 8 
0 . 1 5 1 
0 .555 
0 . 8 5 1 
0 . 5 0 7 
0 . 0 6 1 
0 , 4 5 8 
0 , 1 0 8 
k 0 ,224 
0 . 7 1 7 
0»000 





0 . 0 0 0 







0 . 0 0 0 
0 . 0 0 0 
0 . 1 9 0 
0 . 8 8 0 
0 . 8 1 0 
0 . 1 2 0 
0 , 0 0 0 
0 , 0 0 0 
Table 68. Experimental Results for the System 
Nitroethane (l)=-n-octane ( 2 ) - -
isooctane (5) a t 55° 0. in Weight Fract ions. 
T i e - l i n e 
^ ^2 "5 






2 0 , 6 5 7 
0 . 5 0 1 
0 ,184 
0 . 5 4 7 
Ocl79 
0 .552 
5 0 . 6 9 9 
0 .265 
0 . 2 1 7 
0 . 5 2 8 
0 .084 
0 , 2 0 9 
4 0 . 7 2 1 








Figure 30. Experimental tie-line data for the system: nitroethane (l)--




Figure 31* Experimental tie-line data for the system: nitroethane (l)--
n-octane (2)--isooctane (3) at 35°C. in a weight percent basis 
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